t 


ASQ"HGTON  HALL  STATION 
'LINGTON  12  VIRGINIA 


i  r.  »? 1 

•-j 

A  .  V. 


•vice-.  when  or  other  drawings,  specifications  or  other  data 

•Vt’TJSED  FOR  A»/Y  !  OTHER  TEA^T  DI  CONN*  J-!  >N  WITH  A  DEFINITELY  RELATED 

:  1.  :*v;NMENV  PICT d  JE*v~  operation,  ter  j.  s.  government  thereby  incurs 

•  *•  )X'3  >C  NSTBiL;  .  Y  ’.SCSI  .Mi/ OBLIGATION  %'IIATSOSV.  ft;  AND  THE  FACT  THAT  THE 
It  <Ms.NT  W?  V  ”Y  FtXili.iLATBD,  FUIWSHED,  C  :  LN  ANY  V/AY  SUPPLIED  THE 
•*  V.'AA.WIHGS,  S  'E<V  >>H  Of/iEH  DATA  IS  N  !V  TO  BE  REGARDED  BY 

‘  AViO??  TR  VTM.-'AW.SJS  Dr  AKY  MANNER  LICEh  WG  THE. HOLDER  OR  ANY  OTHER 

.  eft  cor*  ‘  . 

ANY 


fit. 


;  •'* /.r  <„»  CiS-vfcYW'j  A.-rr  rights  jr  permission  to  manufacture, 

rY  PAT:-  V7i..i  r-vr^r^jiv  MAY  in  .  ny  way  be  related  THERETOl 


Best  Available  Copy 


DISCLAIMER  NOTICE 


THIS  DOCUMENT  IS  BEST  QUALITY 
PRACTICABLE.  THE  COPY  FURNISHED 
TO  DTIC  CONTAINED  A  SIGNIFICANT 
NUMBER  OF  PAGES  WHICH  DO  NOT 
REPRODUCE  LEGIBLY. 


iSTSA  file  copy _ 


WAfX'  TKCHNK'Af.  ItKroRT S6-3» 
ASTIA  IKX'l’MKNT  Nr.  AD  UTX* 


EQUIPMENT  COOLING  SYSTEMS 
FOR  AIRCRAFT 


i 


i:  it  i„wsox 


J.iSIAKY  I'tU 


WHIfiHT  AIU  DKVKl.Ol’MKNT  t'KNTKH 


\VA I M '  TKOHNK'Af,  RRr*ORT  Sfi-Ma 
ASTIA  !MX’t!MKNT  Nr.  All 


.  EQUIPMENT  COOLING  SYSTEMS 

;  FOR  AIRCRAFT 

i 


i 


»:  n  t.  tusns 

M.SEAKtM.  ISOKMK.inti 


[ 

J.i\r.iKY  •'»* 


At'.llON  ACTIt'AI.  Aft »SI>HIKS  I.ARUKATORY 

Contha»t  Nr.  AF 

Task  Nr.  61IKI 


WRIGHT  AIK  DKVKI.O.'.MKNT  I'KNTKR 
AIM  RKSKARCH  AND  I.  KVKI.OFMKNT  COMMAND 
UNITKI)  STA  KS  Allt  FORCK 
WRIGHT  I’ATTKKSON  AIR  FORCE  RASH.  OHIO 


l‘v|««:rr  bUtit  ft  i'll!  |V,  _  >{»#»*,■ () 
IH  -  \f*-n  IV* 


2^ 


;  '* ■ :  "“'v  *r  'i:^  f ‘^i  ‘e 


TABLE  or  CONTENT* 


Pag* 


INTRODUCTION  * 

r.  vTMOSPHERIC  AND  FLIGHT  CONDITIONS  4 

ii.  QUtPMENT  CONDITIONS  U 

III.  VALUATION  CRITERIA  Ifc 

IV.  uAT  TRANSPORT  FLUIDS  24 

V.  (  MPRESSION  VAPOR  CYCLE  COOLING  SYSTEMS  II 

.■*  Basic  Considerations  SI 

h  Analyst*  of  the  Compression  Vapor  Cooling  Cyct*  14 

C  Mechanical  Components  of  Vapor  Cycle  Cooling  System*  44 

I).  Results  of  Vapor  Cycle  Cooling  System  Analysis  ?? 

Effect  of  Variations  from  the  Assumed  Basic  Vapor 
Cycle  Cooling  System  84 

F.  Conclusions  With  Regard  to  Vapor  Cycle  Cooling  Systems  44 

VI,  AIR  CYCLE  COOL04G  SYSTEMS  102 

A.  Basic  Considerations  IC2 

B.  Components  ol  Air  Cycle  Cooling  System*  101 

C.  Effects  of  Engine  Compressor  Bleed  122 

D.  Simple  Air  Cycle  Cooling  Systems  124 

E.  Regenerative  Air  Cyrle  Cooling  Systems  IJJ 

VU.  EXPENDABLE  COOLANT  EQUIPMENT  COOLING  SYSTEMS  144 

A.  Basic  Considerations  151 

B.  Results  of  the  Analysis  lf>2 

C.  Conclusions  With  Regard  to  Expendable  Coolant 

Equipment  Cooling  Systems  102 

VUI,  COMBINATION  SYSTEMS  K.5 

A.  General  Consideration*  It5 

B.  Ram  Air  Cooling  System  Combined  With 

An.  Expendable  Coolant  System  lb? 

C.  Sirr.pie  Air  Cycle  Cooling  System  Combined  With 

An  Expendable  Coolant  System  181 

D.  Surface  Heat  Exchah„er  Combined  With 

An  Expendable  Coolant  System  184 

E.  Vapor  Cycle  Cooling  Systems  Combined  With 

An  ExpencaMc  Coolant  Cooling  System  144 

W ADC  TR  5b-35J  iv 


TABLE  OF  CONTENTS 


(i- out  in  ueti) 

IX.  EVALUA'ITON  AND  r*PPLlC  ABILITY  OF  DIFFERENT 

TYPES  OF  EQUIPMENT  COOLING  SYSTEMS  201 

A.  Equipment  Temperature  201 

U.  Flight  Velocity  20S 

C.  Flight  Altitude  206 

D.  Total  Equivalent  Weights  of  Various  Systems  207 

E.  Spatial  Requirement*  208 

F.  Vulnerability  ar.d  Dependability  209 

G.  Centralized  VersUa  Individualized 

Cooling  System  Application*  209 

NOMENCLATURE  2U 

REFERENCES  214 

APPENDIX  I  Heat  Exchanger  Analysis  2)1 

APPENDIX  II  Evaporator  and  Condenser  Analysis  225 


WADC  TR  56-351 


v 


I 


Figure 


L.KT  Or  ILLUSTRATIONS 


Flight  Altitudes  Versus  Mach  Number  deluding 
True  Airtfrci  Curve* 

Variation  of  Amkimt  Temperature  with  Alti'urte 
Variation  of  Ram  Air  Temperature  over  Specified 
Flight  Altitude  and  Mad*  Number  Range 
External  Heat  Transfer  Coefficient  Veisut  Velocity 
Variation*  of  Recovery  Temperature  and  C onvective 
Surface  Heat  Transfer  Coefficient  with  Attitude  and 
Mach  Number 

Mean*  of  Transferrin^  Heal  at  tile  Equipment 
Factors  for  Converting  !'awer  and  Drag  to  an 
Equivalent  Weight  Basis 

Vapor  Cycle  Cooling  System  with  Surface  Condensed 
Vapor  Cycle  Cooling  System  with  Ram  Air  Condenser 
Effect  of  Refrigerant  Properties  on  the  Ideal  Vapor 
Cycle  Power  Input 

Power  Input  for  a  Vapor  Cycle  Assuming  Ideal  Vapors 
with  Properties  Approximating  Those  of  the  Specifird 
Refrigerants 

Water  Vapor  Cycle  Cooling  System  with  Condensate 
Bleed  Temperature  Control 
Water  Vapor  C /cle  Cooling  System  Showing 
Automatic  '.hawing  Principle 

Power  Input  Versus  Condenser  Temperature  for 
Vapor  Cycl1:  Cooling  Systems  (Ty  3  K>0*F) 

Power  Input  Versus  Condenser  Temperature  for 
Vapor  Cycle  Cooling  Systems  (Ty  *  275  *F) 

Cooling  Effect  Per  Po  ind  of  Refrigerant  Versus 
Condenser  Temperature  for  Vapor  Cycle  Cooling  System 
Refrigerant  Volume  Per  Unit  Cooling  Versus  Condenser 
Temperature  for  Vapor  Cycle  Cooling  Systems 
Pressure  Ratio  Versus-  Condenser  Temperature  lor 
F reon-  1 1 

Pressure  Ratio  Versus  Condenser  Temperature  for  Watei 
Refrigerant  Volume  Versus  F.v.npurator  Temperature  for 
Freon- II  Vapor  Cycle  Cooling  System* 

Refrigerant  Volume  Versus  Evaporator  Temperature  for 
Water  Vapor  Cycle  Cooling  Systems 

Weight  of  High  Speed  A-C  Motors  (200  Volts,  *100  cps, 
(i-Phase) 


WADC  TR  5h-35I 


I 


UST  OF  ILL  US  T RATIONS 


Figure  (continued)  Pig* 

£1  Weight  of  A-C  Ccnertlort  (£00  Volte,  400  cp», 

1-Pha*e)  50 

£4  Weight  of  D-C  Motor#  {1?  Volt#)  6Q 

25  Weight  of  D-C  Generators  1 1C  Volt*»  tO 

28  Pouter  Input  Versus  Condense  r  Temperature  for  a 

Freon-  It  Vapor  Cooling  Cycle  U 

27  Po»cr  Input  Versus  Condenser  Temperature  for  a 

Water  Vapor  Cooling  C ycle  62 

2#  Effect  of  Inlet  Pressure  Drop  for  Water  Vapor  Cycle 

C  ooling  System*  hi 

29  Effect  of  Compressor  Outlet  Pressure  Drop  foe  Water 

Y.-por  Cycle  Cooling  Systems  61 

10  Surface  Heat  Exchanger  or  Condenser  79 

11  Evaporator  for  Liquid  Heat  Transport  Fluid  70 

12  Ram  Air  Cooled  Condenser  or  Heat  Exchanger  U 

11  Liquid  Cooled  Condenser  or  Heat  Exchanger  71 

14  Fin  Etleclivcnc&a  Versa*  Tube  Spacing  for  a 

Surface  Condenser  75 

$5  Vapor  Cyt  ie  Cooling  System  with  Liquid  Cooled  Condenser  78 

}b  Cascade  V^por  Cycle  Cooling  System  78 

17  Total  Equivalent  Weight  Versus  Mach  Number  for  a 

Freon-  1 1  Vapor  Cycle  Cooling  System  lTfre  a  l(iQ*F)  91 

18  Total  Equivalent  Weight  Versus  Mach  Number  for  a 

Freon-ll  Vapor  Cycle  Cooling  System  <Tge  =  J?VF)  81 

19  Total  Equivalent  Weight  Verses  Mach  Number  for  a 

Water  Vapor  Cycle  Cooling  S>  stem  I  T  9  ICO  *F|  32 

40  Total  Equivalent  W-right  Versus  Mach  Number  fora 

Water  Vapor  Cycle  Cooling  System  (Tgt  =  275 *F)  82 

41  Total  Equi.aient  Weight  Versus  Altitude  for  a  Frcon-!l 

Vapor  Cycle  Cooling  System  f  Tgl  *  liO’F)  81 

•12  Total  Equivalent  Weight  Versus  Altitude  for  a  Freon-  1 1 

Vapor  Cycle  Cooling  System  lTjrr  =  275*F|  81 

4}  Total  Equivalent  .Wight  Versus  Altitude  for  a  Water 

Vapor  Cycle  Cooling  System  t'Tjr,.  a  loO'F)  84 

44  Total  Equivalent  Weight  Versus  Altitude  for  a  Water 

Vapor  Cycle  Cooling  System  17  Ee  =  £75  *F)  84 

>5  Cooling  System  Operating  Limits  for  Given  Total 

Equivalent  Weights  for  a  Freon-ll  Vapor  Cycle  Cooling 
System  (TEr  rll,0*F|  85 

46  Cooling  System  Operating  Limits  lot  Given  Total 
Equivalent  W  e  ignis  lor  a  Freon-ll  Vapor  Cycle 
Cooling  System  fTjr*-  a  2?S*F(  86 

WADC  IRn*»-151  vis 


LIST  OF  ILLUSTRATIONS 


Figure  (continued)  Page 

47  Cooling  Syatem  Operating  Limit*. (or  Given  Total 

Eq^i  vale-n*  ‘irijtiU  lor  a  w3lrr  Vapor  Cycle  Cooling 
Sy  turn  (TE.  •  16Q*FJ  87 

43  Cooling  Sy»tem  Operating  Limit*  for  Given  Total 

-alent  Weight*  for  a  Water  Vapor  Cycle  Cooling 
Syilnn  »  Jli  ’F)  8# 

49  Effec!  of  Ofi-Design  Operation  of  a  Voter  Vapor 

Cycle  C  ooling  System  90 

50  Poailivv  Displacement  Helical  Type  Coonpreasor  91 

51  Three-Stage  Reciprocating  Type  Compressor  91 

S t  Weight  of  Individual  C-mponent*  of  a  Water  Vapor  Cycle 

Cooling  System  Using  a  Helical  Type  Compressor 
tTE_ *  210*F|  9* 

SI  Weight  of  Individual  Component*  of  a  Water  Vapor  Cycle 
Cooling  System  Using  a  Reciprocating  Type  Compressor 
fTE<,  =  2I0*F»  9 2 

54  Weight  of  Individual  Components  of  Freer -11  Vapor  Cycle 

Cooling  System  Using  a  Helical  Tyyre  C  jmpressor 
(TEex2l0*F>  91 

55  Absorption  Vapor  Cycle  Cooling  System  08 

56  Typical  Heat  Exchanger  Arrangement*  105 

5?  Crossflow  Heat  Exchanger  Performanc*  107 

58  Regenerative  Heat  Exchanger  Performance  103 

59  Three-Pass  Air-to-Air  Heal  Exchanger  110 

60  Boiler  Ileal  Exchanger  110 

61  Heat  Exchanger  Weight  111 

62  Regenerative  Heat  Exchanger  Weight  (Aluminum 

Extended -Surface  Corel  112 

6  1  Weight  of  a  3oiler  Heat  Exchanger  111 

M  Ouii  Inlet  Pressure  Ratio  Versus  Mack  Number  111 

65  Variation  of  Ambient  Pressure  and  Temperature 

-  with  Altitude  1 16 

66  Bleed  Air  Temperature  Ratio  Verso*  Mach  Number  116 

67  Bleed  Air  Pressure  Ratio  Versus  Mach  Number  and 

Altitude  117 

68  Ideal  Pressure  Ratio  V-rsus  Flight  Attitude  with  a 

Discharge  Pressure  of  7.5  psi  above  Amnienl  118 

69  Ideal  Pressure  Ratio  Versus  Flight  Altitude  with  a 

Discharge  Pressure  oi  C.7  psi  above  Ambient  lid 

70  Simple  Air  Cycle  Cooling  System  126 

71  Combination  Air  C  vb  am!  Expendable  Coolant  System  126 


W  ADC  1R  56-154 


vrii 


jsjA 


i  *  *- 

U  jfhi  t^amJk  Ufcfa' 


LtJT  Ol'  U.I.CSTRATIONS 

figure  (continued)  Page 


72  Total  Ei^uvatml  A'oij|hl  Vrfm«  Muih  Nunibrr  of  A 

Sin.^If  Air  Cycle  Cooling  System  If  *  2)  129 

?l  T  *  1  E«i  ii %4U*fi!  Wvii;hl  V**r?.  ite  M^<  h  Numhi-r  of  a 

Sin.jfclf  Asr  Cycle  Cf  ulin^  S>  *l«*n  (;  *  3)  U9 

74  Tera*  Equnalent  Weight  Vi*r*u.-  AilitwJc  of  a  Siir.pfc 

Air  Cyi't*  Couliny,  System  (1  v  130 

7>  T <j : .t  1  K^«:\atrrt  Weight  Vercus  Attitude  of  *  Simple 

Air  C ><»('  Cooling  Synti  M)  (1  *  i)  130 

?i  Cooling  Oper^ijn,*  Limits  fora  Given  Total 

Eq  iiMlrnl  Weignt  (or  a  Sunlit  Air  Cycle  Cooling 
ayjivni  |l  <  J|  111 

77  Cooling  System  Operating;  Limits  for  4  Given  Total 
Equivalent  Wright  for  a  Simple  Air  Cycle  Cooling 

System  (f  a  2)  112 

78  Regenerative  Air  Cycle  Cooling  System  114 

79  Wet  Weignt  of  a  Liquid -to- Air  Heat  Exchanger  142 

90  Dead  Weight  for  a  Regenerative  Air  Cycle  Cooling  System  142 

81  Ram  Air  Heat  Exchanger  Weight  far  a  Regenerative  Air 

Cycle  Cooling  System  1-43 

82  Ram  Air  Momentum  Drag  for  a  Regenerative  Air  Cycle 

Cooling  System  148 

81  Eq  uvalertt  Total  ‘Weight  for  a  Regenerative  Air  Cycle 

Coming  System  without  Bleed  Air  Thrust  Recovery  149 

84  Equivalent  Total  Weight  for  a  Regenerative  Air  Cycle 

Coolir.g  System  with  Bleed  Air  Thrust  Recovery  149 

85  Cooling  System  Operating  Limits  for  a  Given  Total 

Equivalent  Weight  for  a  Regenerative  Air  Cycle  Coaling 
System  without  OKed  Air  Thrust  Recovery  ISO 

at  C  ooLng  Svstem  Operating  Limits  for  a  Given  Total 

Eq  vivalent  W'vjght  for  a  Regenerative  Air  Cycle  Cooling 
System  with  Bleed  Air  Thrust  Recovery  151 

87  Equivalent  Total  Weight  Versus  Compressor  Bleed  Air 


Temperature  (01  a  Regenerative  Air  Cycle  Coolir.g  System  152 


ft3  Equivalent  Total  Weight  Versus  Equipment  Exit  Tern •»****. 

tore  for  a  Regenerative  Air  Cycle  Cooling  System  152 

89  Boiling  Temperature  Versus  Altitude  for  Several 

Expendable  TTuids  15b 

99  Water-Alcohol  Expendable  Coolant  System  1  i>  1 

91  Water-Exp.-ndablc  Coolant  System  181 

92  Initial  Weight  of  Expendable  Evaporative  Cooling  Systems  183 

93  Evaluation  Average  Weight  of  Expendable  Evaporative 

Coolant  Systems  181 


WAIX1  TR  5b-  351 


ix 


LIST  OF  ILLUSTRATIONS 


Figure  (continued)  Page 

14  Combination  Ram  Air  and  Expendable  Coolant  System  ICS 

15  Evaluation  Average  Weight  o{  a  Rim  Air  Cooling  System 
Combined  with  an  Ethyl  Alcohol  Expendable  Coolant 

System  (P-.ih  Duration,  5  Hour)  I  IT 

96  Evaluation  Average  Weight  of  a  Ram  Air  Cooling  System 
Combined  With  an  Ethyl  Alcohol  Expendable  Coolant 
System  (Dash  Duration,  I/d  Hour)  17? 

9?  Blotter  Pe'"pr  Versus  Mach  Number  for  a  Ram  Air  Cool¬ 
ing  System  Combined  with  an  Expendable  Coolant  System  179 
93  Blower  Power  Versus  Altitude  for  a  Rain  Air  Cooling 

System  Combined  with  an  Expendable  Coolant  System  179 

99  Evaluation  Average  Weight  Versus  Mach  Number  of  a 
Ram  Air  Cooling  System  Combined  with  an  Expendable 
Coolant  System  UJO 

100  Evaluation  Average  Weight  Versus  Equipment  Pressure 

iiirop  of  a  Ram  Air  Cooling  System  Combined  with  an 
Expendable  Coola.u*  System  188 

101  Evaluation  Average  Weight  of  a  Simple  Air  Cycle  Cooling 
System  Combined  with  a  Water  Expendable  Coolant 

System  If  *  2)  185 

102  Evaluation  Average  Weight  of  a  Simple  Air  Cycle  Cooling 
System  Combined  with  a  Water  Expendable  Coolant 

System  (f  s  1)  188 

101  Water  Requirements  foi  a  Simple  Air  C'/rie  Cooling 

System  Combined  with  an  Expendable  Coolant  System  188 


104  Evaluation  Average  Weight  of  a  Simple  Air  Cycle  Cooling 
System  Combined  with  a  Water  Expendable  Coolant  System  188 

105  Cooling  System  Operating  Limi*s  for  a  Given  Total  Equi¬ 

valent  Weight  fur  a  Simple  Air  Cycle  Cooling  System 
Combined  with  a  Wa»er  Expendable  Coolant  System  (f  »  2)  187 

IC6  Coolir.g  System  Operating  Limits  for  a  Given  Total  Equi¬ 
valent  We  glit  for  a  Simple  Air  Cycle  Cooling  System 
Combined  with  a  Water  Expendable  Coolant  System  (f  »  1)  188 

107  Surface  Meat  Exchanger  Combined  with  Water  Expendable 


Coolant  System  191 

108  Surface  Meat  Exchanger  Combined  with  Wate  r -Ale ohol 

Expendable  Coolant  System  191 

109  Evaluation  Average  Weight  of  a  Surface  Heat  Exchanger 
Combined  with  *  Water  Expendable  Coolant  System 

(Cruise  Mach  Mo.  *  1.5)  192 

110  Evaluation  Average  Weight  of  a  Surface  Heat  Exchanger 
Combined  with  a  Water  Expendable  Coolant  System 

(Cruise  Mach  No.  *  1)  192 


WADC  TR  56-151 


x 


LIST  Or  ILL  OS  THAT IONS 


Ftgoro  (continued)  Pag* 

II  t  Evaluation  Average  Wright  of  a  Surface  Heat  Exchanger 

Combined  with  a  Wa'cr-Ethyl  Alcohol  Expendable 
Coolant  System  (Cruise  Mach  No.  »  1.5)  195 

112  Surface  Heat  Exchanger  Area*  Vermi  Mach  Number  195 

III  Vapor  Cycle  Cooling  System  Combined  with  Water* 

Alcohol  Expendable  Coolant  System  197 

114  Vapor  Cycle  Cooling  System  Combined  with  Water 

Expendable  Coolant  System  197 

115  Evaluation  Average  Weight  of  Freon-U  Vapor  Cycle 

Cooling  Systems  Combined  with  a  Water  Expendable 
Coolant  System  (Cruise  Mach  No.  »  2,0)  198 

lib  Evaluation  Average  Weight  of  Freon-il  Vapor  Cycle 
Cooling  Systems  Com*'i.led  with  a  Water  Expendable 
Coolant  System  (Cruis-  Much  No,  •  1,5)  198 

111  Evaluation  Average  Weight  of  Water  Vapor  Cycle  Cooling 
Systems  Combined  with  a  Water  Expendable  Coolant 
System  (Cruise  Mach  No.  ■  2,2)  199 

lift  Evaluation  Average  Weight  of  Water  Vapor  Cycle  Cooling 
Systems  Combined  with  a  Water  Expendable  Coolant 
System  (Cruise  Mach  No,  »  1.8)  299 

119  Surface  Heat  Exchanger  Combined  with  Fuel  Heat 

Exchanger  and  Water  Expendable  Coolant  System  £02 

120  Evaporator  Effectiveness  and  Heat  Transfer  Parameter  £2fc 

121  Heat  Transfer  Coefficient  for  Liquid  Flowing  in  Tube*  22ft 

122  Effective  Heal  Transfer  Parameter  229 

12J  Heat  Transfer  Parameter  for  L  quid -Cooled  Condenser 

and  Surface  Heat  Exchanger  231 


WADC  TR  56-1S1 


XI 


UST  OF  TA6USS 

Number  P»  i* 

1  Peope  rlie*  of  ll«at  Tranxporl  Fluid*  22 

2  Properlie*  of  High  Tempo  ratur*  Heat  Ttan»[>ort  Fluid*  11 

1  Prop*.  rile*  of  Relri^e  rant*  44 

4  Prof.crlie*  of  Expendable  Coolant*  152 

5  Heat  Exchanger  Core  Characteristic*  221 


WADC  TU  5fc-i~J 


XII 


INTRODUCTION 


Modern  aircraft  ar»  equipped  with  numerous  pieces  of  equipment 
that  must  be  cooled  during  flight  and  during  ground  operation.  The  need 
for  cooling  of  aircraft  elertricat,  electronic,  and  mechanical  equipment 
arises  from  the  fact  that  such  equipment  will  operate  only  over  a  limited 
range  of  temperature,  that  operation  above  some  maximum  temperature 
is  impossible  or  inefficient,  and  that  all  such  equipment  dissipate*  heat. 
The  dissipated  heat  must  be  removed  if  steady-state  operation  is  to  be 
within  the  inherent  temperature  limitations  and  must  be  transferred  to  a 
heat  sink  which  is  external  to  the  equipment. 

The  removal  of  the  heat  dissipated  by  equipment  in  airc  raft,  ope  rating 
at  the  relatively  low  velocity  and  low  altitudes  typical  of  a  few  year*  ago 
involved  simply  air  cs rc.ulatio.t  by  means  of  a  blower  or  frve  convection. 
As  flight  speeds  ar.d  altitudes  increased,  more  involved  cooling  systems 
such  as  air  cycle  systems  became  necessary.  The  problem  has  become 
pro); restively  more  acute  with  the  present  trend  toward  much  higher 
velocities  and  altitudes.  For  example,  aerodynamic  heating  results  in 
a  total  air  temperature  of  approximately  500  *F  at  Mach  2.5,  At  the 
atmospheric  pressures  which  prevail  at  an  altitude  of  70,000  feet,  the 
heat  transfer  coefficient  (for  air  in  turbulent  flow)  is  about  one-tenth  as 
targe  as  at  sea  level  with  equal  velocity  and  temperature.  This  factor 
makes  it  much  more  difficult  to  remove  heat  even  if  air  at  a  low  tem¬ 
perature  is  available,  e.g.,  from  an  air  cycle  cooling  system.  The 
problem  i-  further  aggravated  by  the  fact  that  as  flight  speeds  increase, 
many  more  functions  are  performed  by  electronic  equipment  thus  greatly 
increasing  the  actual  cooling  loads.  An  aralysi«  cf  cooling  systems  for 
flight  speeds  up  to  Mach  1.8  is  presented  ir.  reference  1,  The  present 
study  is  primarily  cor.iemcd  with  flight  speeds  from  Mach  1  to  Mach  2,5 
and  altitudes  from  sea  level  to  73,000  feet. 

Aircraft  equipment  can  be  cooled  by  transferring  the  heat  to  a  sink 
at  a  temperature  below  the  equipment  temperature  or  by  ‘’pumping”  the 
heal  to  a  sink  at  a  higher  temperature.  Direct  air,  air  cycle  systems, 
and  expendable  coolant  system?  .arc  examples  of  the  first  type.  Vapor 
cycle  systems  utilize  the  heat  pump  principle. 


tinnurerlpt  rnl'iwJ  o y  tho  author  July  l?jj£  for  ruUHeetton  os  a 
VADC  Toe-.nlenl  Report. 
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Equipment  design  offers  a  rnrut  of  alleviating  tbs  problem. 

Design  which  reduces  the  beat  dissipation  rates  is  one  approach  to 
the  problem.  Another  approach  is  equipment  designed  to  operate  At 
higher  temperatures.  Both  factors  should  he  considered  because 
the  weight  and  power  requirrd  to  remove  heat  varies  directly  with 
quantity  of  heat  and  inversely  with  the  temperature  at  which  it  must 
be  removed.  Consequently,  reduction  of  heat  dissipation  rates  may 
be  more  than  offset  if  the  temperature  levrl  must  be  reduced.  Of 
course,  the  cost  of  producing  the  power  that  must  be  dissipated  must 
be  included  when  determining  temperature  and  heat  dissipation  effects. 

The  equipment  dc sign  objective  should  he  high  temperature  operation 
with  low  heat  dissipation  rates,  i.e,,  equipment  that  will  operate 
efficiently  at  a  high  temperature. 

In  this  study,  various  types  of  systems  are  analyzed.  Vapor 
cycle  systems  pump  the  heat  from  the  equipment  temperature  to  tbs 
higher  atmospheric  recovery  or  total  temperature  where  the  heat  is 
transferred  to  the  atmosphere.  The  basic  components  of  each  system* 
are  the  evaporator,  compressor  and  condenser,  and  a  refrigerant 
together  with  lines  and  any  auxiliary  components  needed  to  transport 
the  beat  to  or  from  the  system.  Air  cycle  systems  utilise  heat  ex¬ 
changers  and  a  turbine  to  cool  engine  bleed  air  (or  simply  a  turbine  to 
cool  ram  airj  so  as  to  have  the  sink  at  a  temperature  below  the  equip¬ 
ment  temperature.  Ducts  to  conduct  the  air  and  a  compressor  to 
increase  the  air  pressure  and  to  load  the  turbine  are  needed  for  A 
complete  cooling  system.  Systems  may  use  expendable  coolants  which 
undergo  a  change  of  siate  as  heat  is  absorbed  from  the  equipment. 

The  coolant  is  then  exhausted  overboard  in  a  higher  energy  state.  Such 
systems  require  an  evaporator,  storage  lanV,  lines  and,  in  some  cases, 
auxiliary  heal  transport  provision. 

Cooling  systems  transferring  u»«  heal  to  the  fuel  as  a  heat  sink  are 
also  considered  for  some  *>pplicalions. 

In  addition  to  the  four  basic  types  of  systems  •  vapor  cycle,  air  cycle 
(and  simple  air  cooling)  expendable  coolant,  and  fuel  sink  systems  - 
numerous  modifications  of  each  system  and  combinations  of  the  various 
systems  are  analysed. 


WADC  TR  Sb-553 


Z 


Tht  ceding  lyitcm  ku  ctrUta  (k»ricl*rlitlc»  which  muilk* 
contliitrcd  in  (he  design  of  a  particular  system  or  itv  curr.parJ.xoo 
of  different  possible  designs.  Some  if  tie  factors,  such  as  weight 
power  c wi.k-jniptiot-.,  and  d»ag,  have  a  direct  effect  on  aircraft  per* 
formance.  Others  may  have  an  H.dl-uct  effect  on  performance  or  may 
havr.  an  effect  that  makes  use  of  a  system  prohibitive  or  •  ndesirabls. 
Among  such  factors  are  space  requirement,  vulnerability,  safety, 
convenience,  and  cost,  in  an  actual  case,  the  various  factors  must 
alt  bs  weighed  so  as  to  determine  the  most  desirable  cooling  system. 

In  get  eral,  the  first  three  factors,  weight,  pow-r,  and  drag  having 
a  direct  effect  on  aircraft  performance,  are  most  readily  evaluated. 

The  other  factors  can  then  be  used  to  select  between  systems  that  are 
approximately  equal  or.  the  basis  of  performance  or  as  justification 
for  a  uystem  that  may  have  somewhat  greater  detrimental  effect 
considering  only  the  first  factors. 

In  this  study,  the  effect  of  the  various  factors  affecting  the  per* 
formance  of  aircraft  are  considered  on  the  basis  of  range,  rale  of 
climb,  and  flight  duration. 

The  various  cooling  systems  have  been  evaluated  on  the  basis  of 
what  will  be  called  an  engineering  optimization.  The  effects  of  the 
significant  design  variables  have  been  determined  in  so  far  as  possible, 
and  optimum  or  near  optimum  values  have  been  assigned.  In  some 
instances,  an  actual  mathematical  optimisation  has  b*en  made,  in 
other  cases  graphical  rptimizati  so  was  dremed  mure  feasible,  and  in 
still  other  cases  intuitive  reasoning  lias  been  considered  adequate.  A 
rigorous  mathematical  optimization  of  a  cooling  system  is  oat  of  ths 
question  because  of  the  number  of  variables  involved  and  because  there 
is  no  common  basis  for  (nor  effect  of)  the  various  factors.  Factors 
Other  iii an  those  Having  a  direct  etiect  or  aircraft  performance  may 
frequently  be  decisive  but  do  not  enter  into  the  mathematical  expressions, 
in  which  case  a  mathematical  optimization  would  be  irrelevant.  Further, 
the  mathematical  complexity  of  a  formal  optimization  analysis  would 
frequently  obscure  rather  than  clarify  the  cowling  System  evaluation  and 
thus  defeat  the  purpose  of  the  study. 

An  effort  has  been  made  to  assign  typical  values  to  any  factors 
involving  somewhat  arbitrary  assumptions  or  pertaining  to  flight 
schedules,  aircraft  or  engine  characteristics  not  specifically  known. 

In  all  cases,  the  assumptions  that  have  been  made  are  cleirly  stated 
and  the  effect  of  different  assumptions  is  pointed  out. 
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section  r 

A  TMOSPHERIC  AND  FLIGHT  CONDITIONS 


The  range  of  attitude  and  of  flight  velocity  being  considered  5* 
thia  study  is  shown  in  figure  1,  Line*  of  constant  t  »  airspeed  Art 
included  in  the  figure.  The  trrnperaturc  range  vcri»*  altitude  it 
shown  in  figure  2.  The  maximum*  temperature  that  may  be  encountered 
at  a  particular  altitude  will  impose  the  most  stringent  requirement  on 
a  cooling  system.  Consequently,  all  calculation*  in  thia  study  art 
made  assuming  the  ambient  tempi  raturc  is  at  the  maximum  indicated 
by  the  temperature  •altitude  envelope  of  figure  2, 

Th~  total  ram  temperature  at  a  particular  flight  condition  it 
equal  to  the  ambient  temperature  plus  the  Vinetic  temperature  rise 
and  is  given  by  the  equation 

TT  ‘  T*  *(^W  Uk 

The  total  temperatures  (calculated  for  the  maximum  ambient 
temperatures)  are  plotted  on  an  altitude 'Mach  number  envelope  in 
figure  1,  The  range  of  total  temperatures  considered  in  this  study 
thus  varies  from  about  SO*F  at  Mach  I  and  65,000  feet  altitude  to 
525  *F  at  Mach  2.5  and  55.000  feet  altitude. 

The  recovery  temperature  or  adiabatic  wall  temperature  will  be 
of  interest  far  any  system  utilising  a  surface-type  heat  exchanger. 

The  recove ry  temperature  is 


T, 


"(V) 


M* 


(2) 


Value*  of  the  recovery  temperature  assuming  a  recovery  factor 
CrJ  0.85  are  plotted  on  the  ultitode-Mach  number  envelope  in  figure 
5.  The  recovery  temperatures  which  apply  for  this  study  vary  from 
about  -i0*F  at  Mach  I  and  65,000  feet  altitude  to  450  *F  at  Mach  2,5 
and  J5,C'*P  feet  altitude. 


FADC  TR  56-151 


4 


Altitude,  it 


FIGURE  l  FLIGHT  ALTITUDE  VERSUS  MACH  NUMBER 
INCLUDING  TRUE  AU'St'EED  CURVE 
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FIGURE  2  VARIATION  OF  AMBIENT  TEMPERATURE  WITH  AL.TITUDI 
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FIGURE  4  EXTERNAL.  HEAT  TRANSFER  COEFFICIENT  VERSUS  VELOCITY 


Mach  Number 


FIGURE  S  VARIATIONS  OF  RECOVERY  TEMPERATURE  AND 

CONVECTIVE  5UR  FAC  E  HEAT  TRANSFER  COEFFICIENT 
WITH  ALTITUDE  AND  MACH  NUMBER 
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For  uy  >ytl«in  utilising  surface -typ*  hrM  rwhan^rra,  the  Heat 
transfer  coefficient*  that  apply  un  the  surface  are  of  particular  interest* 
The  heat  transfer  coefficient  at  a  distance  x.  assuming  uniform  tem¬ 
po  rature ,  is  given  by  the  equation 

Nux*  0.017S  (Re-)*0**  **  (»» 

The  heat  transfer  coefficients  that  apply  for  the  hot  day  and  for  the 
Mach  number  and  altitude  range  of  interest  in  this  study  are  plotted 
in  figures  4  and  5. 

The  data  for  figures  4  and  5  sere  taken  from  figure  4  of  reference 
2.  The  original  data  were  plotted  according  to  'he  method  of  reference 
J,  The  Rrandtl  number  is  averaged  over  the  applicatde  temperatuve 
range  to  give  a  value  of  (Pr)®1  ^  a  0.89.  The  other  properties  of  air 
are  evaluated  at  an  interfiled  ia.c  temperature  T'  >  Tj(l  *  0,  111  M*) 
as  given  in  the  reference.  The  Reynolds  number  was  calculated  assum¬ 
ing  that  the  viscosity  of  the  air  varies  directly  a*  the  0,7  power  of  the 
absolute  temperature,  T',  so  that 

Re  «  (5,88  x  10<>)  (pa  Ta0*5  Mxl  (4» 

The  heat  transfer  coefficients  that  apply  for  the  altitude -Mach 
number  envelope  of  interest  in  this  study  are  re  plotted  in  figure  5  as 
lines  of  constant  heat  transfer  coefficients  on  the  altitude -Mach  ruraber 
envelope.  Lines  of  constant  recovery  temperature,  assuming  a  recovery 
factor  of  0.85,  are  also  plotted  in  figure  5, 

The  minimum  temperature  considered  in  this  study  is  »fc5*F;  con¬ 
sequently  ,  any  system  must  be  designed  so  as  not  to  be  damaged  by 
*  exposure  at  that  temperature  (e.g,,  damage  by  freezing).  This  require¬ 

ment  has  not  be  interpreted  as  excluding  use  of  any  fluids  that  may  freexc 
at  temperatures  above  -b5*r,  providing  the  system  could  be  designed  to 
provide  continuous  cooling  without  the  use  of  auxiliary  moans  of  thawing 
out  the  cooling  system.  In  other  words,  any  system  util  5  ting  a  fluid 
that  freezes  at  temperatures  above  .(.5*1'  must  be  designed  so  that  the 
heat  dissipated  by  the  equipment  firing  cooled  will  thaw  out  any  portions 
of  the  system  that  rnay  freeze  so  that  the  system  is  capable  of  continuous 
equipment  cooling  from  -65*F  to  the  maximum  design  condition. 
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Continuous  flight  is  siium<4  except  foe  systems  utiti  sing  »» 
expendable  coolant  is  wti.ich  case  systems  are  evaluated  on  the  basis 
of  lota!  ftignt  time  for  a  simple  expendable  coolant  system  or  for 
the  time  of  a  high  speed  dash  for  the  c ruisr-dash -c rulse  flight.  In  which 
case  a  combination  syae.rm  is  assumed.  In  the  latter  case,  the  system 
would  be  capable  of  continuous  cooling  at  the  design  cruise  condition. 

The  effect  of  changt  s  in  the  assumed  atmospheric  and  flight 
conditions  can  be  quite  .accurately  predicted  by  referring  to  figures 
1  and  i.  The  trends  of  e.utal  and  recovery  temperature  Increase 
with  the  square  of  the  Mlach  number.  The  surface  heat  transfer 
coefficients  decrease  q'u,te  rapidle  ss  the  altitiale  increases  above 
fcO.OOQ  feet.  The  heat  tran.fer  rates  that  can  be  secured  by  circulating 
air  will  clsohe  greatly  reduced  at  the  higher  altitudes,  thus  greatly 
increasing  the  weight  of  any  heat  exchangers  that  must  transfer  heat 
to  the  air  at  the  lower  ai.r  pressure*. 
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SECTION  n 

EQUIPMENT  CONDITIONS 


The  equipment  to  be  cooled  is  not  specifically  defined  for  this 
study.  The  equipment  is  simply  a  “box"  that  dissipates  heat  at  a  rate 
from  200  watts  to  t  Vw  for  each  item.  It  is  assumed  that  the  tempera* 
ture  limitations  of  the  equipment  will  not  he  excecued  if  a  surface  is 
provided  at  the  equipment  at  a  specified  temperature.  Surface  tem¬ 
peratures  of  l(>0*  to  275*F  are  assumed.  The  actual  temperature  of 
equipment  elements  will  then  depend  on  the  effective  overall  heat 
transfer  per  unit  temperature  difference  between  the  clement  and  the 
surface. 

Systems  utilizing  heat  transfer  media  that  exhibit  a  great  variation 
in  wep  cannot  be  directly  compared  because  of  the  ditlcrences  that 
exist  at  the  equipment  component.  A  syste.-n  in  which  the  heat  is  absorbed 
by  air  will  have  a  wide  variation  in  air  temperature  as  the  air  picVt  up 
the  heat.  This  is  a  direct  result  of  low  wep  values  for  airflow.  Typically, 
the  air  temperature  variation  would  be  in  the  order  of  100*  to  200  *F«. 
Systems  utilizing  a  liquid  beat  transfer  media  for  which  the  values  of 
wep  are  usually  many  times  greater  than  for  air  can  be  designed  so  that 
the  fluid  temperature  variation  is  in  the  order  of  IC*F  or  even  less. 
Systems  utilizing  a  fluid  that  changes  stale  at  the  equipment  have 
essentially  a  constant  fluid  temperature  at  the  equipment, 

A  comparison  of  systems  with  such  widely  different  characteristics 
is  therefore  somewhat  arbitrary  and  will  in  general  depend  on  the  require¬ 
ments  of  a  particular  application.  Since  the- lowest  temperature  that  can 
be  obtained  in  the  equipment  is  above  the  inlet  temperature,  systems 
uti’izing  air  in  the  equipment  will  be  capable  of  cooling  some  elements 
to  a  much  lower  temperature  than  systems  using  a  liquid  transfer  fluid. 
This  is  particularly  desirable  for  equipment  which  is  comprised  of 
elements  that  have  different  temperature  requirements.  For  this  case, 
efficient  cooling  is  possible  by  arranginc  the  elements  so  that  those 
requiring  low  temperatures  are  rear  the  inlet  and  the  higher  temperature 
elements  near  the  fluid  exit  point. 
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Th<  heat  dUiIp»lrd  by  the  equipment  must  be  transferred  to  a 
fluid  or  tii.k  at  a  lexer  temperature  level,  Except  for  the  cate  where 
the  sink  hat  infinite  thermal  capacity,  or  where  the  heat  transfer 
results  in  a  change  in  state  of  the  fluid,  the  fluid  temperature  will 
vary  as  tf  is  circulated  through  the  equipment.  The  change  in  tem¬ 
perature  of  a  liquid  or  gas  within  the  equipment  is 

T£e-TEi.QE _  (5| 

JtOO  Wcp 

The  temperature  at  which  the  fluid  leaves  the  equipment,  T£r.,  is 
a  measure  of  the  minimum  temperature  difference  that  will  exist  in  the 
equipment  component,  that  is,  T£c  is  the  highest  equipment  fluid  tem- 
p*»ra*ure.  The  equipment  component  or  seme  elements  within  the 
Component  must  be  at  a  higher  temperature  than  the  fluid  exit  tempera¬ 
ture.  In  this  se.ise,  the  exit  temperature,  1£c,  is  a  measure  of  the 
cooling  potential  of  the  cooling  system.  As  such,  T£*  is  perhaps  at  valid 
as  a  comparison  parameter  for  most  cases  as  other  means  of  comparing 
systems  with  widely  varying  characteristics.  Using  Tp^  as  a  compari¬ 
son  is  then  simply  assuming  that  different  systems  are  comparable 
when  T£e  is  equal  and  can  then  be  evaluated  on  the  basis  of  weight  and 
power.  Other  alternatives  are  a  defined  effective  equipment  surface 
temperatut  e  or  an  average  equipment  fluid  temperature. 

An  effective  equipment  surface  temperature  for  heat  transfer  that 
is  dependent  on  the  temperature  of  the  fluid  entering  the  equipment, 
and  the  fluid  exit  temperature,  can  be  defined  in  terms  of  an  equipment 
effectiveness  analogous  to  the  us.i-i  heat  exchanger  effectiveness. 


*E  *  TEe  -  TEi 

TES  -  TEi 


(6) 


Then  the  effective  eqv.ipment  surface  temperature  ts 

TES  *  TEi  ♦  TEe  -  TEi  <?) 

«E 

This  temperature  is  an  average  equipment  surface  temperature  for 
heat  transfer  defined  by  the  assumed  average  effectiveness. 


WADC  TR  56-351 


13 


TIi*  Average  temperature  of  the  fluid  m  Ate  equipment  may  >l»u 
be  of  interest  for  a  comparison  of  different  types  of  lyitemt  which 
may  operate  with  very  small  fluid  temperature  change  (e.g.,  a  vapcr 
cycle  system)  or  with  a  relatively  large  change  in  fluid  temperature 
(e»g.»  »n  cycle  system).  An  average  equipment  temperature  may 
be  applicable  for  comparison  of  cooling  systems  provided  that  the 
equipment  contains  elements  that  can  operate  at  various  temperatures 
so  that  element*  requiring  a  low  temperature  cash*  effectively  cooled 
by  the  entering  fluid,  while  elements  capable  of  higher  temperature 
operation  can  be  cooled  by  the  hotter  fluid  near  the  fluid  exit  point. 

The  means  of  cooling  at  the  equipment  is  no*  specified  in  detail. 

The  actual  heat  transfer  means  will  depend  on  the  type  of  cooling  system. 

The  system  may  simply  circulate  air  ov<*r  the  equipment  as  illustrated 
schematically  in  figure  b*.  This  cooling  means  is  particularly  adapted 
tc  air  cycle  systems.  A  liquid  heat  transport  fluid  may  be  used.  In 
this  case,  the  heat  must  be  transferred  by  convection,  conduction, 
radiation,  or  by  means  of  an  evaporating  and  condensing  fluid.  Systems 
utilizing  a  liquid  transport  fluid,  or  an  evaporator  at  the  equipment, 
will  be  considered  as  cold  wall  systems,  the  heat  being  picked  up  by 
the  cold  wall  and  then  transferred  to  a  heat  sink  or  to  a  heat  pump. 

Examples  of  such  systems  are  shown  schematically  in  figure  fib,  -C , 
and  -d. 

As  pointed  out  above,  a  comparison  of  systems  with  conditions  at 
the  equipment  as  different  as  in  the  case  for  the  air  coolant  system 
(figure  ba)  and  the  outer  systems  (figure  bb.  ~c.  and  -d)  U  rather 
arbitrary.  For  this  study,  a  comparison  on  the  basis  of  equal  equipment 
fluid  exit  temperature  Tj^  has  been  selected  as  the  most  realistic.  It 
is  then  assumed  that  the  actual  equipment  component  is  properly  designed 
to  be  efficiently  cooled  by  the  airflow  or  by  the  cold  plate. 

The  maximum  distance  from  any  piece  of  equipment  to  the  cooling 
system  is  specified  as  ISO  feet.  The  assumed  distribution  for  this  study 
is  that  the  major  portion  of  the  cooling  load  is  relatively  near  (about 
20  feet)  with  a  portion  of  the  load  at  up  to  the  liO-foot  maximum  distance. 

All  systems  are  analyzed  assuming  the  20- foot  distance,  the  dispejsed 
load  is  then  analyzed  to  determine  its  effect  on  -weight  and  power  require¬ 
ment. 

The  effect  of  different  assumptions  can  be  determined  by  noting  the 
trends  and  relative  effects  of  the  equipment  conditions  as  pointed  out  in  the 
section  of  this  report  on  applicability  and  evaluation.  In  general,  the  systems 
show  a  marked  increase  in  weight  and  power  as  the  equipment  temperature 
dec  , eases.  The  effect  of  dispersed  equipment  is  fci  most  cases  relatively 
less  significant.  The  weight  and  power  are  approximately  directly  pro¬ 
portional  to  the  cooling  load  for  giver,  temperature  and  cooling  conditions, 
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FIGURE  t  MEANS  OF  TRANSFERRING  HEAT  AT  THE  EQUIPMENT 
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section  nr 

EVALUATION  CRITERIA 

The  objective  of  a  cooling  system  evaluation  is  to  determine  the 
relative  merit*  of  the  varioue  nyiifnn,  to  define  the  range  of  appli¬ 
cability,  and  to  point  out  certain  feature*  that  may  be  significant 
depending  on  the  type  of  aircraft  and  it*  minion. 

In  the  final  analysis,  the  cooling  tyitem  should  be  analysed  along 
with  the  aircraft  in  general  ar.d  with  the  equipment  being  cooled  in 
particular.  For  thi*  »>udy,  it  i*  assumed  that  the  cooling  load  ard 
equipment  temperature >  have  be«n  specified.  All  equipment  items 
should  be  designed  for  an  optimum  between  minimum  heat  dissipation 
and  maximum  operating  temperature  as  well  as  for  efiicient  transfer 
of  heat  to  the  cooling  fluid. 

The  fundamental  factors  which  should  be  considered  in  an  evaluation 
of  a  cooling  iy*tem  are 

1)  Weight 

2)  Power  requirement 

3)  Drag 

4)  Space  requirement 

51  Reliability 

6)  Vulnerability 

7)  Safety 

8)  Ground  operation 

•J)  Convenience 

10)  Cost 

Some  of  the  above  factors  affect  aircraft  performance;  others  rnay 
affect  aircraft  design  and  dependability.  In  this  study,  primary  evaluation 
is  based  on  the  factors  which  affect  performance;  other  facters  are 
relegated  to  a  secondary  role  with  a  sort  oi  "veto"  power.  Such  factors 
are  specifically  considered  and  discussed  for  those  case*  in  which  wid  ely 
varying  characteristic*  arc  noted. 
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The  evaluation  of  an  equipment  cooling  (yitrm  require*  th« 
determination  of  the  magnitude  o!  a  number  of  faclori  which  hav* 
an  adverse  cifect  on  the  performance  of  an  aircraft  a*  compared 
with  the  performance  of  the  aircraft  assuming  operation  it  possible 
without  the  cooling  system,  The  factors  directly  affecting  aircraft 
performance  are  weight,  power  requirement,  and  drag.  Usually, 
mi.ee  it  can  be  a*«--.r..cd  that  the  cooling  system  it  an  essential 
piece  of  equipment,  a  comparison  of  variout  tyttemt  bated  on  their 
effect  on  aircraft  performance  it  of  at  much  tignificance  at  it  the 
determination  of  tpecific  effect*  on  aircraft  performance.  Such 
a  companton,  being  more  general,  it  frequently  of  greater  value 
that  a  detail-''*!  .nalysis  of  an  effect.  A  comparison  of  thia  type 
rctultt  in  an  equation  jn  which  *ome  of  the  aircraft  performance 
parameter*  will  ttnr*1,  maul:  lag  in  an  evaluation  criteria  that  it 
quite  general  and  can  be  applied  to  many  different  cates  even  without 
detailed  performance  information. 

In  general,  the  cooling  system  exhibiting  the  smallest  values  of 
the  factors  adversely  affecting  performance  it  preferable.  In  the 
actual  cat",  the  relative  magnitude  of  weight  and  power,  for  example, 
will  vary  widely  for  d  fferent  type*  of  system*  an,-.,  further,  it  it 
frequently  possible  to  induce  the  power  required  by  increasing 
weight.  It  is  therefore  necessary  to  have  tome  meant  of  translating 
the  various  factors  of  weight,  power  requirement,  and  drag  to  some 
common  unit.  For  this  study,  an  equivalent  weight  has  been  selected 
as  »he  common  unit  because  all  systems  and  ali  components  possess 
weight.  The  actual  weight  can  then  be  uted  directly.  It  it  then  neces¬ 
sary  to  determine  the  power  input  to  the  system  and  any  drags  imposed 
by  the  system  and  to  translate  these  factors  into  the  equivalent  weight 
unit. 

The  pr.w tr  for  drag)  equivalent  weight  is  then  that  weight  that 
would  have  approximately  the  same  effect  on  the  aspect  of  aircraft 
pe rfermarve  being  considered  as  a  given  power  requirement  (or  drag 
imposition).  The  total  equivalent  weight  of  a  system  is  the  sum  of  the 
actual  weight,  the  power  equivalent  weight,  and  the  drag  equivalent  weight. 

The  factor  used  to  translate  power  and  drag  to  an  equivalent  weight 
will  depend  on  the  type  of  aircraft,  its  flight  characteristics,  and  on  the 
aspect  of  performance  chosen  as  the  most  significant  in  a  particular  case. 
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Among  the  t»|Mvls  of  performance  which,  can  ho  used  »»  evaluation 
criteria  are  rarer,  night  duration,  and  rate  of  tlimi  .  The  first  two 
would  appear  particularly  significant  for  bomber  and  transport  aircraft, 
while  the  rate  of  climb  may  be  more  significant  for  fighter-type  aircraft. 

The  approximate  effect  of  a  small  change  in  the  various  Isrtsrv 
c;n  be  determined  by  writing  an  equation  describing  the  aspect  of 
performance  selected  as  a  criteria  and  taVing  the  partial  derivative 
of  that  equation  with  respect  to  the  factors  affected  by  the  cooling 
system.  The  change  in  performance  is  approximately  equal  to  the 
change  in  the  factor  times  the  partial  derivative  of  the  performance 
equation  with  respect  to  the  factor  being  considered.  This  method  of 
determining  the  effects  of  the  various  factors  is  based  on  the  following 
assumptions; 

l)  The  change  or  increment  is  small  compared  wilt  the  basic 
factor. 

1)  The  flight  pattern  is  essentially  the  same  with  the  changed 
factors. 

3)  The  equation  describing  the  aspect  of  performance  is  sufficiently- 
accurate  with  and  without  the  changes  imposed  by  the  cooling  system. 

4)  Any  secondary  effects  can  be  neglected. 

This  method  of  evaluation  requires  an  equation  describing  the 
aspect  of  performance  in  terms  of  the  factors  affected  by  the  cooling 
system,  A  number  of  such  equations  arc  given  in  the  literature. 
References  4  and  5  give  the  Brcguet  range  and  endurance  equations 
and  a  range  equation  for  jet  aircraft. 

An  evaluation  criteria  based  on  the  range  of  an  aircraft  can  be 
defined  by  using  the  Breguet  large  equation 

Rg  =  (Cij/SFCKWD)  |n  [wT/(Wx  -  W()]  (8) 

The  partial  derivative  with  respect  to  total  weight  is 

bRg  a  •-  *>/ SFCHU/D)  f.V(/<Wr  IV T]  |9> 

*swr 


W ADC  TR  56-  J5J 


18 


The  fractional  change  in  rang*  for  a  tnuil  change  in  weight  ia  then 


ARgi  nf{WT  .  WoV  *f  \few\  i*0» 

R,  [  WT  j\wT  -  [Wjj 

The  spec ific  fuel  consumption  car.  be  written  in  terms  of  average 
power  (P},  initial  fuel  weight  (Wj).  and  time  that  the  fuel  will  last  (t)» 

SFC»V|/{Pt)  |tl> 

The  partial  derivative  of  equation  |S)  with  reaped  to  power  ia 

bRjj  •  C  q  t  (L/D)  of  WT  1  «U| 

TP-  ~W  jw-f  -  Wf  J 

The  fractional  change  in  range  caused  by  the  small  change  in  powee 

ia  then 


tARa/Rg)  *  (AP/P)  llij 


The  partial  derivative  of  equation  (8)  with  respect  to  drag  i» 

*  sjl  k  “  r  »t  1  1 1«> 

ViT  arc  D2  [wT  -  w;J 

The  change  ir.  re.:g*  caused  by  -  '.mall  change  in  drag  ia  thm 


(AR;./Jvg)  *  -(AD/D)  (  IS} 


The  effect  •>(  ^.o *cj  and  drag  car.  be  expressed  in  terms  of  an  equiva¬ 
lent  weight  ur.it  th:.t  would  have  r.pp.  oximately  the  same  effect  on  the  range 
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Similarly*  the  drag  «<|ttiv*Iriil  weight  to 

faw\  «r/WT-W,\  n  /  VfT  \|aD  {18) 

((-V-1!  {irrrV|ir 

The  total  equivalent  weight,  the  lum  of  the  actual  weight,  the 
power  equivalent  weight,  and  tne  drag  equivalent  weight  can  be  expressed 
in  pounds  by  multiplying  through  by  the  gross  weight. 


AWT  e<i  n  AW 


‘[t^)"(W^r,piaT‘)V 


Letting  X  *  Wj/W-j.,  the  initial  fuel  weight  to  gross  weight  ratio, 
and  assuming  a  constant  lift-drag  ratio,  equation  (If)  can  be  written 


AwTeqi  Aw 


*|M  "(i4-#4D- 


SI.Q  L.  AlPi  (40) 

1>V  J 


An  evaluation  cr:teria  based  on  the  range  equation  for  jet  aircraft 
can  be  derived  in  an  analogous  manner.  The  result  is  similar  to  the 
Brcguot  range  criteria  except  for  the  factor  indicating  the  effect  of  the 
fuel-to-gross-wcight  ratio. 

The  range  of  a  jet  aircraft  can  be  expressed  by  the  equation 
(reference  4) 


l  i  -  A  -  w,\°* 

D  (  TTf) 

■ 


The  partial  derivative  of  equation  (21)  with  rcapcct  to  a  groat  weight 

in 

bRg  »  -  1  C  L  fi  -  W,  \-*/*  Wf  (42) 

4  SFC  D  i  VTjJ  WTf 

The  total  equivalent  weight  determined  in  a  manner  entirely 
analogous  to  that  for  the  Breguet  criteria  I* 

AW  f  ,.q  =  AW  ♦  2fx  -  1  »  (1  -  X)1/a]/L  AD  -  W  AP\(41) 

X  \D  P  / 
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The  flight  duration  of  an  aircraft  flying  a  Breguel  icMule  can 
be  t'X|irt'karil  by  the  i(|iuiti<n 

»“•”»  ±-  r — L—m  *1  {iA) 

sfc  uv  Ld  •  *ru  J 

The  partial  derivative  with  respect  to  cross  weight  is 

t>Ou  •  750  _L.M  \ _ Jt__  JL.  UM 

Wf  sfc  uv \  iji  i  xyiZ  wr 

The  total  equivalent  weight  based  on  flight  duration  for  a  Breguet 
schedule  is  then 

A wT  c„»  aw  +  a[i  ■  x  -  (i  -  x)i/z]/t.Ao  -wap\  (it) 

x  p  ?  / 

The  three  evaluation  i actor*  are  thus  functions  of  the  initial  fuel* 
to-gross-weight  ratio,  of  the  lift-drag,  and  weight-power  ratios.  The 
three  functions  if  the  fuel-to-gross -weight  ratio  are  plotted  on  a  common 
axis  in  figure  ?. 

For  fighter  and  intcrcuptor  type  aircraft,  the  rate  of  climb  may  be 
a  more  significant  performance  factor  than  flight  range  or  duration,  A 
criteria  based  on  rate  of  climb  can  be  derived  in  a  manner  similar  to 
that  used  for  the  range  criteria.  The  rate  oi  climb  of  an  aircraft  is  given 
by  the  equation 


C  ■  (dH/dt)  a  (TV  -  DV)/W  (27) 

The  partial  derivative  of  equation  (27)  with  respect  to  weight  is 

(&C/  fcW)  ,  .  (TV  -  OV)/W*  (28) 

The  frac’ional  effect  of  n  small  change  in  weight  on  the  rate  of 
climb  is 


(AC/C)  i  -  (AW/W) 


W) 
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FIGURE  1  FACTORS  FOR  CONVERTING  POWER  ANW  DRAG 
TO  AN  EQUIVALENT  WEIGHT  BASIS 
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The  partial  derivative  of  *qatl«  (27)  with  retprct  to  power  (TV) 
to 

»C  •  OO) 

MTV)  W 

The  fractional  change  In  the  rate  of  climb  caused  by  a  small  change 
in  power  is 

Ac  ■  A(TV)  OH 

'c  cw 

The  partial  derivative  of  the  rate  of  climb  with  respect  to  drag  ia 
(bC/bD)  «  -  (V/W)  02) 

The  fractional  change  in  the  rate  of  climb  caused  by  a  small  change 
in  drag  is 

(AC/Cji-Jf.  AD  OH 

CW 

The  total  equivalent  weight  for  the  rate  of  climb  criteria  (with  the 
power  expressed  in  horsepower)  is 

(AW)t  iiWt  VAD  -  55QAHP  (14) 

q  c  c 

The  curves  of  figure  7  indicate  that  with  the  stated  assumptions  the 
calculated  effect  of  a  power  requirement  or  drag ’imposition  relative  to 
the  effect  of  a  weight  increase  depends  on  the  initial  fuel-to-gross-weight 
ratio,  on  the  equation  assumed  to  define  the  aircraft  performance  in  the 
most  significant  manner,  and  on  the  lift-drag  or  weight-power  ratio. 

In  this  study,  typical  values  are  assigned  to  the  translation  factor 
for  expressing  drag  and  horsepower  requirements  in  terms  of  an  equiva¬ 
lent  weight,  e,g,,  the  drag  translation  factor  (fn  «.q)  in  the  case  of 
Brcgucl  range  is  (L/D)  J|l  *  X)/X^  In  £l/(l  -  X)J,  H«.  total  equivalent 
weights  are  calculated  on  the  basis  of  the  assigned  vdu.-i.  The  approxi¬ 
mate  effect  of  using  translation  factors  other  thar.  the  assigned  values 
can  be  readily  determined  by  noting  the  effect  oi  the  different  assigned 
values.  The  actual  horsepower,  drag,  and  actual  weights  are  indicated 
for  a  number  of  cases,  thus  permitting  comparison  of  these  basic  effects. 
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h  thi  »yy«rr.u  tutuilion  for  tiiU  study,  the  t«ui  '.quWilml  «ti|KU 
k»  Cflci'lHM1!  u>i»g  power  irMkUiioe  U<ta:»  Up  w ith  vklul 

of  one  and  (wvo,  The  drag  translation  taclotsff d  were  assigned  value* 
o',  two  and  th-rree,  A*  pointed  out  above,  the  actual  value  of  such  trans¬ 
lation  factors*  depends  on  the  L ID  ratio  for  the  aircraft  and  co  the  fuel- 
to-gross-weiaght  ratio.  In  general,  thi  L/D  ratio  decrease*  with  Incrtattag 
flight  velocity;  therefore,  cooling  system  evaluation  on  the  ba*i»  of  amall 
translation  fiactora  i*  repre»enlative  fer  high  sjeed  flight. 

It  shovlcJ  be  noted  that  since  the  value*  assigned  for  this  study  differ 
by  one,  for  vsaeh  case,  tne  ditto  re-re  in  the  total  equivalent  weights  fur 
otherwise  su.-niUi  conditions  is  numerically  enual  »o  the  drag  or  to  the 
horsepower-  required. 
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HEAT  TRANSPORT  FLUIDS 


The  heat  dissipated  by  the  equipment  will  r.ot.  ir.  i t-e  in 
the  immediate  vicinity  of  trie  cooling  system  ar.d  therefore  vr-c  “eat 
must  he  transported  to  the  cooling  system  or  alternately  ivr  heat  sink, 
most  be  brought  to  the  equipment  before  being  dispelled  ou'»r-i-i*rd. 

Jn  this  report,  the  phrase  “heat  transport”  is  used  to  deserth*  the 
process  whereby  heat  is  moved  between  relatively  discar.t  pt'-rti ,  as 
distinguished  from  heat  transfer  which  wilt  be  reserved  ::r  her.  flow 
between  a  fluid  and  a  surface.  Vapor  cycle,  regenerative  atr  cycle, 
a  .d  some  of  the  expendable  coolant  systems  would  most  likely  utilize 
some  heat  transport  mean*.  Air  cycle  systems  with  diet*  ca  ccod-.c: 
the  air  to  the  equipment  and  some  types  of  expendaMe  c obLv- ;  systems 
are  exan  >!ji  of  systems  ir.  which  the  sink  is  broi^ht  to  the  equipment 
and  then  expelled  overboard.  Such  systems  do  no;  ijivo;ve  test  trir.t* 
port  in  ta«*  sense  used  here. 

The  transport  of  heat  consists  of  a  sir.. pie  fluid  flow  c-.rc-ii;  with 
the  fluid  undergoing  cyclic  temperature  changes,  i.e.,  liifr.rj  M*t 
at  the  equipment  and  giving  off  the  heat  at  the  cooling  system.  The 
heat  transport  portion  of  a  cooling  system  is  comprised  of  tie  lir.«.s. 
a  circulating  pump,  and  the  heat  transport  fluid.  It  is  asst^te-d  chat 
the  fluid  does  not  undergo  ar.y  change  of  state.  Fluids  that  c’uz:*  phase 
in  a  system  are  considered  in  section  VI!  of  this  *ttdy,  vaz»z?  cycle 
cooling  systems. 

The  heal  transport  is  achieved  by  virtue  of  a  tem.pe  rat. re  chart?* 
in  the  fluid,  an  increase  in  temperature  at  the  equipment.  and  a  decrease 
in  temperature  at  the  cooling  system.  In  addition  to  the  heat  adsorbed 
in  the  cqu.pment,  the  heat  added  by  the  fluid  pump  dr*  to  cricticn  in  the 
pump  and  lines  must  bo  removed.  This  latter  heat  aridities;  c*  very  small 
and  will  therefore  be  neglected  ir.  this  analysis. 

The  amount  of  heat  that  is  absorbed  by  a  transport  £!•  .'vs  :s 
Qs  JfeOOw  Cj,  (Tec  -  TEi) 
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For  a  given  cooling  load,  the  temperature  rise  will  vary  inversely 
with  .i;o  product  of  tho  mass  How  rate  ar.d  Iho  specific  heat  uf  the  fluid 
1  wc^ji,  5it.ee  weight  is  one  of  the  major  factor*  in  a  cooling  lyitcm,  U 
is  advantageous  to  have  a  fluid  with  a  high  specific  heat,  A  dense  fluid 
is  desirable  so  as  to  secure  a  high  mas*  flow  rate  with  small  tubes  and 
low  flow  velocity. 

The  effects  of  the  transfer  fluid  on  aircraft  performance  are  caused 
by  fia:d  weight,  the  weight  of  the  lines  and  passages  at  the  equipment 
ar.d  at  the  cooling  system  that  contain  the  heat  transport  fluid,  and  the 
weight  of  the  pump,  electric  motor  and  associated  electrical  equipment. 

The  power  required  to  circulate  the  fluid  will  alao  have  an  effect  on  air¬ 
craft  performance. 

Among  the  more  important  properties  for  a  heat  transport  fluid  are 
the  following: 

1)  Freezing  point  must  be  helow  minimum  temperature  encountered 
so  fluid  can  be  pumped. 

2)  Vapor  pressure  should  be  relatively  low  at  the  applicable  tempera¬ 
tures  so  that  excessive  pressures  are  not  necessary  to  prevent  formation 
of  vapor.  Vaporization  cannot  be  tolerated  because  of  the  resultant  low 
heat  transfer  rites  and  the  possibility  of  vapor  loch, 

3)  Thermal  conductivity  should  be  high  fo  as  to  secure  high  heat 
transfer  coefficients, 

4)  Specific  heal  should  be  high,  reducing  the  required  mass  flow  rate, 

5)  Density  ihould  be  high  so  as  to  reduce  volume  flow  and  size  of 
lines, 

6)  Viscosity  should  be  low  to  reduce  pumping  power. 

In  addition  to  the  above  qualities,  such  factors  as  toxicity,  corrosive 
tendencies,  availability,  and  cost  should  be  considered.  The  properties 
of  particular  interest  in  this  study  of  several  of  the  fluids  that  appear 
most  promising  as  heat  transfer  fluids  up  to  a  temperature  of  275*F  are 
listed  in  table  1  (reference  61, 
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An  inilyiii  of  the  vtrioui  lytltmt  uUltiinn  kcM  tiktuporl  fluid* 
indicate*  that  the  effect  of  difference*  among  the  better  transport  fluid*, 
on  the  total  transport  system  weight,  is  rather  (mail  aim)  alio  that  the 
transport  system  is  usually  a  small  part  of  the  total  equivalent  weight 
of  the  system.  In  thi*  study,  a  fluid  tramport  system  with  ethylene 
6»>  col  a*  the  fluid  ha*  been  assumed  tor  all  case*  up  to  a  temperature 
of  cll'l',  The  u*e  of  any  of  the  other  ttuid*  listed  in  table  I  will  not 
appreciably  alter  the  total  equivalent  weights.  The  ethylene  glycol 
Solution  was  chosen  primarily  because  of  it*  relatively  low  vapor  press- 
ure  and  for  safety  considerations,  i.  being  a  non-toxic  and  non -combustible 
fluid. 


Heat  transport  at  the  high  condenser  temperatures  requires  a  fluid 
wuh  special  properties,  particularly  a  lluid  that  it  stable  arid  ha*  a 
low  vapor  pressure  at  the  applicable  temperature.  Properties  of  several 
fluids  at  500  *K  are  listed  in  table  Z  (references  f>,  ?,  and  8),  In  thi* 
study.  Dowthrrrn  is  a*.-  aned  to  be  the  transport  fluid  for  all  systems 
requiring  h-.c,  transport  at  temperatures  above  300 *F,  The  selection 
was  made  frit's rily  on  the  basis  of  vapor  pressure. 

The  heat  dissipated  by  the  equipment  must  he  transferred  through  a 
cube  or  passage  wall  and  then  to  the  heat  transport  fluid.  The  means  of 
transfer  ting  the  heat  to  the  wall  from  the  equipment  is  discussed  in 
section  !.l  of  this  report.  The  transfer  of  the  heat  to  the  fluid  is  by 
forced  convection.  The  required  area  is  a  function  of  the  temperature 
differences,  the  heat  transfer  coefficient,  and  the  cooling  load.  Since 
it  is  very  desirable  to  minimise  temperature  dron*  and  area,  it  is 
advantageous  to  secure  high  heat  transfer  coefficient*. 

Thu  significance  of  the  heat  transport  fluid  on  the  overall  cooling 
system  performance  and  on  its  total  equivalent  weight  varies  widely 
depending  on  the  t  ,  pc  of  system  considered.  The  weight  flow  rale  times 
the  specific  heal  (  wCp)  for  the  heat  transport  fluid  determines  the  differ¬ 
ence  between  the  equipment  inlet  and  exit  temperature.  The  equipment 
exit  temperature  is  specified,  consequently  the  inlet  temperature  is 
determined  by  the  heat  transport  system.  The  cooling  system  must 
provide  a  temperature  below  the  equipment  inlet  temperature.  Any  sys¬ 
tem  for  which  the  weight  or  power  is  sensitive  to  the  minimum  tempera¬ 
tures  that  must  be  attained  is  affected  much  more  by  the  heat  transport 
system  than  is  a  system  in  which  low  temperatures  arc  more  readily 
sec  u.ed . 
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V>;io>  cycle  systems,  brciv>r  ut  the  of  evaporator 

temperature  Ithc  minimum  temperature  in  the  lyitrm)  on  the  com¬ 
pressor  size  and  weight  anti  on  the  power  requirement,  are  relatively 
sensitive  to  the  heat  transport  system.  The  regenerative  air  cycle, 
on  the  other  hand,  because  of  the  low  temperature  char  a,  tv  Its  lit.  of 
the  system,  is  relatively  unaffected  by  the  heat  transport  system. 

The  equivalent  weight  of  the  heat  transport  system  can  he  approxi¬ 
mated  by  the  empirical  equation 

W  s(4*Aw)JL  (lb) 

IO* 

The  value  of  /  should  he  the  line  length  or  p'icr  the  distance  from 
equipment  to  the  Cooling  system,  Equation  (  it)  is  a  good  approxir.Mim 
provided  the  transport  system  equivalent  weight,  as  given  by  the  equation, 
does  not  drop  below  about  six  pounds.  In  that  event,  a  reasonable  esti¬ 
mate  of  v_ eight  is  accurate  enough  for  comparison  of  various  systems. 

Equation  I  it)  is  an  empirical  approximation  to  the  equivalent  weight 
of  a  heat  transport  system  in  which  the  tube  size  and  (laid  flow  velocity 
have  been  optimized  when  used  as  a  beat  transport  system  with  a  vapor 
cycle  cooling  system.  The  optimization  is  with  respect  to  a  minimum 
total  equivalent  weight  for  the  cooling  system  and  transport  system. 

While  somewhat  lighter  heat  transport  systems  could  be  used  with  some 
systems,  the  regenerative  air  cycle,  lor  example,  the  change  is  not 
considered  significant.  Consequently,  equation  lib)  may  be  used  for 
nearly  all  cases. 

As  pointed  o  .1  above,  the  use  of  suitable  transport  fluids  other  than 
the  mate r-e lb jlcue  glycol  solution  assumed  in  this  st'-idy  will  have  a 
relatively  minor  effec'  on  the  total  equivalent  weights  used  for  cooling 
system  evaluation. 


SECTION  X 


COMPRESSION  VAPOR  CYCLE  COOLING  SYSTEMS 

Or.t  of  the  method*  for  aircraft  equipment  at  high  flight 

•peed*  la  by  me;.m  of  a  compression  vapor  cycle  cooling  system. 

Thin  method  transfers  heat  from  the  equipment  by  v_~  J.ir.ing  external 
energy  to  pump  the  heat  to  a  sink  at  a  higher  thermal  potential.  The 
heat  pumping  fluid  undergoca  a  change  of  state  in  ito-ang  through  the 
various  parts  of  the  cycle.  The  cooling  effect  is  obtained  because  of 
the  heat  required  to  change  the  state  of  the  fluid  fl^  >t*c  liquid  to 
the  vapor  state. 

Mule  Considerations 

Vapor  cycle  cooling  system*  are  shown  schematically  in  figures 
9  and  9,  In  these  systems,  heat  is  transported  from,  the  equipment 
to  the  evaporator  by  means  of  a  circulating  heat  transport  fluid.  The 
heat  is  then  absorbed  at  a  relatively  low  temperature  level  by  evapora* 
tier*  of  the  refrigerant. 

The  major  components  of  a  vapor  cycle  cooling  system  include 

tj  The  refrigerant  or  working  fluid 

2)  The  evaporator  in  which  the  heat  is  absorbed 

3)  A  compre  ssor  to  circulate  the  refrigerant  iri  la  increase  the 
pressure  and  temperature 

4)  A  condenser  to  reject  the  heat  to  tne  heat  ainfc  (normally  the 
atmosphere 

An  expansion  valve  to  control  Ihe  refrigerant  alow  tnd  reduce  the 
pressure. 

A  compressor  power  supply  system,  the  necessary  t  octrois, and  in  some 
cases  separate  components  for  heat  absor'-tion  at  th*  equipment  and  for 
heat  transport  complete  the  typical  vapor  cycle  coolc-ig  system. 
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FIGURE  » 


VAPOR  CYCLE  COOLING  SYSTEM  WITH 
SURFACE  CONDENSER 


FIGURE  9 


VAPOR  CYCLE  COOLING  SYSTEM  WITH 
HAM  AIR  CONDENSER 


The  liquid  i*  inlrodutril  (by  mraiu  ui  s  pr.'titir*> 

reducing  expansion  valvi)  into  An  e  vaporutor  maintained  at  a  procure 
such  the  boiling  point  of  the  liquid  refrigerant  is  ,«l  the  doirtd 
t«  nige  ruture,  After  absorbing  heat  in  the  evaporator^  the  fluid  In  a 
higher  energy  U-vt-l  vapor  ■lair  is  I  ransfe  r  red  to  A  curtdcnirr  in  which 
the  procure  is  such  that  the  vapor  will  liquefy  when  heat  is  removed. 

The  heat  of  vaporiz.it ion  .»  thus  absorbed  by  Ihr  fluid  at  the  lower 
evaporator  temperature  anti  given  up  to  a  Wat  amV  At  the  higher  con* 
denser  temperature.  Energy  must  be  supplied  to  bring  the  vapor  from 
the  evaporator  pressure  and  temperature  to  the  higher  condenser 
pressure  and  temperature. 

The  fluid  which  is  used  in  a  vapor  cycle  system  v  ergues  cyclic 
change*  in  state  and  temperature  and,  by  virtue  of  such  changes,  is 
used  to  transfer  heat  from  one  temperature  to  a  higher  temperature. 

The  following  refrigerant  properly  values  arc  of  prime  interest  as  they 
will  affect  the  range  cii  applicability  and  the  performance  of  the  systems; 

1)  Critical  temperature 
K reeling  point 

i)  Latent  heat  of  vaporisation 

4)  Specific  heat  of  liquid 

5)  Specific  heat  of  gas  at  constant  pressure 

(•)  Specific  heat  of  gas  at  constant  volume 

7)  Vapor  pressure 

The  critical  temperature  defines  the  maximum  condenser  tempera¬ 
ture.  The  minimum  evaporator  temperature  is  determined  by  the  freezing 
point.  These  two  values  do  not  directly  enter  into  the  equation  defining 
cooling  effect  or  power  input  but  are  factors  of  prime  importance.  The 
fluid  must  be  above  the  frc*e*ing  point  throughout  the  cycle,  thus  being  in 
the  liquid  or  vapor  state,  so  it  can  he  readily  circulated  through  the  system. 
The  critical  temperature  is  that  point  above  which  the  vapor  cannot  be 
liquefied  regardless  of  pressure  and.  as  the  cycle  requires  condensation 
at  the  aitik  temperature,  the  Critical  temperature  defines  an  upper  limit 
for  the  condenser  temperature.  In  piactico,  the  maximum  temperature 
mast  be  considerably  below  the  critical  as  the  refrige  rating  effect  decreases 
and  the  work  of  compression  increases  rapidly  as  the  temperature' approaches 
the  c ritical  value. 
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The  other  property  value*  lintnl  Above  have  a  direct  effect  on  the 
power  requirement  end  performance  of  the  cycle,  A  detailed  study  of 
the  effect  of  *hcse  factor*,  a*  wrll  A*  the  effect  of  temperature  level*, 
follow*  the  mathematical  derivation  of  the  performance  characteristic* 
of  the  cycle.  Briefly.  considering  each  factor  independently,  the 
desirable  qualities  in  a  refrigerant  are  a*  foUitrwej 

1)  High  latent  heat  to  <ecure  high  cooling  effect  per  pound  of 
refrigerant 

l)  Low  specific  heat  of  the  liquid  to  secure  greater  cooling  effect 

3)  Low  specific  heat  of  the  vapor  at  const  rr  t  pressure  for  small 
work  of  compression 

-1}  High  specific  heat  of  the  vapor  at  con»tu.nt  volume  for  small  work, 
of  compression 

5)  Vapor  pressure  near  atmospheric  pressure  at  evaporator 
temperature  so  the  cycle  will  operate  at  low  pressure 

t)  Small  variation  of  vapor  pressure  with,  temperature  so  as  to 
work  at  low  compression  ratio  with  resultant,  small  work  of  compression 

In  actual  fluids,  the  factor*  are  interdependent  so  that  some  of  the 
above  desirable  qualities  are  mutually  exclusive  .  e.g.  .  high  latent  heat 
will  usually  accompany  high  specific  heats,  C  onsequently,  a  balance  of 
qualities  must  be  determined,  considering  the  magnitude  of  each  effect 
and  the  range  of  values  for  actual  fluids, 

B.  Analysis  of  the  Compression  Vapor  CooU-~c  Cycle 

In  this  preliminary  analysis,  pressure  looses  arc  neglected  and 
efficiencies  of  100%  are  assumed.  The  effect  df  actual  pressure  losses 
and  typical  efficiencies  are  included  in  the  detailed  analysis  of  component* 
and  in  weight  determination. 
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I .  Cooling  Effect  *1  the  CvLporttM 


The  cooling  effect  of  the  vapor  cycle  per  pound  of  refrigerant  in 
dependent  oa  the  latent  heat  of  vaporization,  the  soeclfic  heat  of  the 
liquid,  and  the  temperature  difference  between  the  evaporator  and 
condenaer.  Part  of  the  heat  of  vaporization  it  supplied  by  cooling  of 
the  liquid  refrigerant  from  the  condenser  temperature  to  the  evaporator 
temperature,  the  balance  is  supplied  ir.  the  evaporator  and  is  the  net 
cooling  effeev  of  the  cycle.  The  cooling  effect,  assuming  constant 
specific  beat,  is  given  by  the  equation 

Qy  a  by  -  cp^  JTj^  -  Tyi  Btu/lb  refrigerant  117) 

The  beat -of  vaporization,  L,  decreases  as  the  temperature  increases 
and  is  zero  at  the  critical  temperature.  Assuming  constant  specific 
heats,  the  heat  of  vaporization,  by,  at  temperature  Ty  is  rotated  to  that 
at  a  ttnyi  ralwrc  T  by  lue  equation 

by  *  »-  -  ftp/  ’  cpg>  (Ty  -  T)  138) 

Equations  (37)  and  (Id]  'tdicate  that  there  is  a  definite  limit  to  the 
temperature  difference  and  to  the  condenser  temperature  for  which  a 
particular  fluid  can  he  used  as  a  -efrigerant,  The  critical  temperature, 
because  of  the  variation  of  specific  heats  of  actual  fluids,  is  usually  less 
than  would  be  indicated  by  equation  (38).  The  practical  limit  of  the 
condenser  temperature  depends  on  the  critical  tempeialure  of  the  fluid 
ana  toe  allowable  power  input, 

1.  Worh  of  Compression 

Operation  of  the  vapor  cycle  require*  the  transfer  of  the  refrigerant 
in  the  vapor  state  from  the  evaporator  temperature  and  pressure  to  the 
higher  temperature  and  pressure  that  prevail  in  the  condenaer.  The 
necessary  energy  is  added  to  the  vapor  by  means  of  a  mechanical  com* 
pressor.  The  wort  of  compression  'per  pound  of  refrigerant)  is  dependent 
on  the  pressure  ratio,  the  initial  pressure  and  volume,  and  on  the  com¬ 
pression  exponent. 
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The  «ork  of  comprtuion  In  general  is  least  tor  isothermal 
tompreuton,  in  which  case  the  deponent  In)  in  the  equation 
pv®  n  c  is  equal  to  one;  however.  tMi  criteria  would  not  apply 
to  compression  tor  a  cooling  system  because  the  vapor  temperature 
must  be  increased  to  the  condenaer  temperature.  thua  precluding 
constant  temperature  compression.  The  ideal  caae  tor  the  vapor 
cycle  would  be  an  exponent  n  such  that  the  temperature  after  corn* 
prearion  ia  just  equal  lo  the  condenser  temperature,  the  caae  cf  no 
aupe r heating  during  compression.  In  practice,  there  will  be  a  varying 
?,  n  >  y  (where  y  la  the  isentroric  compreaaion  exponent)  tor  the  firat 
par*  cf  ccnipre  ssion  and  n<  y  for  the  balance  of  the  compression 
because  of  heat  transfer  consideration*.  For  fluids  with  a  pronounced 
tendency  to  superheat  during  coinpres ‘i ■\a  and  w,th  an  efficiently 
cooleu  compressor,  the  effective  value  o.  n  may  be  somewhat  less 
than  y  and  the  temperature  rirs  less  than  the  adiabatic  temperature 
rise.  For  such  cai.es.  art  analytical  treatment,  assuming  n  ■  /  , 
will  be  conservative  as  this  assumption  would  indicate  a  temperature 
after  compression  greater  than  the  actual  temperature.  For  fluids 
that  have  little  or  no  tendency  to  superheat  during  compression  Or 
for  compressors  not  effectively  cooled,  the  assumption  n  =/  would 
be  none  oasc  rvative. 

V  compression  is  assumed  to  follow  a  polytropic  curve,  l,e,, 
pv*»  a  c,  the  work  cf  compression  (Ittu/lb)  is  given  by  the  equation 


1  *  "  pi  *r  T/PiV 

•  - »  1  I! N 


ln  -i V* 


In  case  the  compression  is  isentropic  (pv^i  c),  the  work  of 
compression  can  be  expressed  by  substituting  for  n 


where  /»  c„/e 


*  ■ 
,  s  Tzj 

*  _JL  pi  vi  fpi\  r  * 1 
y-  i  j  [pjj 


PI  3  RTj 
~  *  1  <«P  -  cv» 

Substituting  these  values,  the  work  of  isentropic  compression  is 


f.  ,  y-  i 

cpb  T*  feij  r  ■  1 
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to  .ut  actual  tuni)irr»>i<jA  »y*t rm,  thr  comprc»sif«  ratio  will  b« 
jri'.Hi  r  lh.in  thv  ratiu  i*f  tuu<lr»rr  t&  •  v<|iur»lor  prrmurr  Wcauu  of 
line  ini)  valvr  pressure  tuun  triurcn  th«-  cylinder  (or  other  com* 
;rr<iiv«  element)  and  the  cv*(.urator,  and  also  between  thu  comprctnor 
cylinder  and  the  condenser.  Allowance  must  be  made  for  such  pressure 
drops  to  determine  actual  performance;  however,  in  the  initial  phases 
of  comparative  studies,  such  factors  can  be  neglected.  The  effect  of 
pressure  drops  is  considered  on  a  pu-cer  input  basis  and  i»  disucssed 
in  a  subsequent  sec  tion  of  this  report. 

1.  Heat  Dissipated  in  the  Cor.Jerutr 

The  heal  j;«.-nv  rated  by  virtue  of  Compression,  in  addition  to  the  heat 
absorbed  by  the  e*  apoealor.  must  be  dissipated  by  the  condenser.  That 
heatr,  assuming  iser.lrtipie  corr.pre*  siun  and  He ^ le c t ir. p;  efficiency  effects 
is  ni>‘««n  by  tile  sum  of  equation*  (  >7)  and  HI). 

QalcV-r^  trK  -  TV)  ♦  rr>(,  T  y  |  «^ j^f-i  - 

or,  using  tontirnsf-r  anti  mMimum  co«r;pression  t  n  {jtrAture* 
u  *  t-K  *  «p«;  -  TK) 

f,  Prc  s  s  u  re  Red  action 


] 
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Kn  expansion  valve  is  j>ro\is!vd  to  rtduto  the  pressure  from  that  in 
the  condenser  to  the  e  vaporator  pre  *  sure*  The  expansion  is  a  constant 
enthalpy  proces  »,  Consequently,  no  heat  is  transferred. 

Power  Input 

Vapor  cycles  are  usually  evaluated  on  the  basis  of  the 

coefficient  of  performance,  which  i>  defined  as  the  refrigerating  effect 
divided  by  the  power  required  to  drive  the  compressor.  For  this  analysis, 
the  power  input  (per  unit  of  coulir.g)v  which  is  the  inverse  of  the  coefficient 
of  performance,  will  more  clearly  indicate  the  effect  of  changes  in  con* 
denser  temperature,  in  evaporator  Temperature,  and  in  properly  values. 
The  pow-  r  input  as  used  here  is  the  energy  that  is  added  to  the  refrigerant 
and  therefore  nut  reflect  i  ra-.prrsjior  efficiency  or  pressure  drop. 
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The  pow«-  r  input  (PI)  for  a  vapor  cycle  coo!ii;e  iy*trm,  assuming 
isi-ntropjc  tcinprttaKion  and  constant  specific  heats,  is  given  by  the 
ditr cnsionless  equation  »  „  t  ■% 

[mV  I 

col.  ti[\pi/  -  («» 

^  1  * ^  p|( »  i.  *  "T  l  J  ”* 


Epilation  (■<})  can  be  readily  solved  for  any  condition  for  which  thu 
xapor  pretru'rcc  are  V.nown,  assuming  constant  specific  heats,  or,  by 
integratin';  the  Clapeyron  equation,  the  pressure  ratif  can  Le  eliminated 
from  equation  (-13)  giving  an  expression  for  an  ideal  vapor  cycle,  PI, 
that  is  dependent  only  on  temperatures  ar.d  the  refrigerant  properties. 
An  analysis  of  coefficient  of  performance  with  similar  assump  tions 
presented  in  reference  9, 

y  >r  the  "ideal"  vap>*r,  it  is  assumed  that  the  ltqaid  volume  is 
rox  !••<  bio,  the  specific  heats  are  constant,  and  the  vatpor  obeys  the 
*1  \  1% 


Tae  equau^n  c-  •  .h**!  r.  s  . 

dp/tiT  s  J  t.#“C  v 

» 

Eliminating  v  by  the  perfect  gas  relation, 
pv  *  P.  T 


equation  (45)  can  be  written 

dp  »  JJUiX 

p  RT2 

The  heat  of  vaporisation  at  temperature  T  is 
L  3  Lj  +  { c pg  -  Cpj  )(T  -  T  j) 

Substituting  this  value  in  Clapcyrcm  equation,  giver 
a  1  fLl  ■  <cim»  -  rvt  >  T1  v  cPg  ■ 
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Equation  (51)  live*  the  Ideal  vapor  cycle  power  requirement  and 
Is  particularly  valuable  to  illustrate  the  effect  of  temperatures  and  of 
property  values,  end  as  an  indication  of  practical  operating  ranges  for 
refrigerants  of  various  properties.  It  must  be  remembered  that  this 
equation,  being  for  an  idealized  vapor,  does  not  take  the  critical 
temperature  or  the  freezing  point  into  account  and  can  therefore  bo 
applied  to  a  specific  fluid  only  when  the  maximum  temperature  is  well 
below  the  critical.  The  actual  cycle  wilt,  require  somewhat  more  power 
than  the  idealized  cycle  of  equation  (51)  and  that  pawer  input  will  in¬ 
crease  without  limit  as  the  condenser  tempe rature  approaches  the 
critical  value, 

6,  Effect  of  Refrigerant  Properties 

The  ideal  vapor  cycle  power  input  (PI)  versus  condenser  temperature 
for  a  range  of  property  values  and  for  an  evaporator  temperature  of  160*F 
is  shown  in  figure  10,  The  variation  of  PI  with  condenser  temperature 
for  several  of  the  Freons  considered  as  idealized  vapors  with  constant 
properties  is  shown  in  ligure  11,  The  upper  ends  of  the  curves  are 
inaccurate  as  the  temperature  is  then  approaching  the  critical  where 
the  actual  power  input  becomes  infinite.  The  Carnot  cycle,  an  ideal 
theoretical  cycle,  dependent  only  on  temperatures,  is  shown  on  each 
graph.  Because  of  thermodynamic  considerations,  no  cycle  (actual  or 
theoretical)  can  ha'*e  a  lower  Pi  than  the  Carnot  cycle.  The  ideal  vapor 
cycle  power  input  can  oe  anp roximalely  determined  for  any  refrigerant 
operating  between  T J  -.nd  *12  if  the  property  values  are  known.  The 
corves  indicate  that,  at  the  lower  temperatures  considered  and  for  the 
smaller  temperature  differences,  the  usual  range  of  properties  do  not 
have  a  very  marked  effect.  For  a  temperature  difference  of  100  *F.  for 
example,  the  maximum  difference  in  PI  is  about  10%  for  the  range  of 
values  considered,  (The  properties  of  the  common  refrigerants  are 
included  in  this  range.)  As  the  temperature  difference  and  the  condenser 
temperature  increase,  the  variation  of  PI  with  A  is  very  marked.  Re¬ 
frigerants  with  a  low  A  arc  therefore  eliminated  for  the  higher  temperature 
applications.  The  PI  decreases  as  B  decreases,  but  this  factor  has  a 
relatively  much  smaller  effect  than  does  A,  particularly  at  the  higher 
temperatures.  For  actual  fluids,  the  value  of  B  is  always  greater  t>an 
one  and  for  many  refrigerants  is  approximately  1,5,  For  high  temprrature 
•  eirig  ^ration,  the  significance  of  A,  therefore,  completely  overshadows 
B  and  is  a  factor  of  prime  significance  in  determining  the  range  of 
applicability  of  a  particular  fluid. 
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at,  Blu/Btu 


Condenser  Temperature,  *F 

FIGURE  10  EFFECT  OF  REFRIGERANT  rR3FERTIEi  ON  THE 
IDEAL,  VAPOR  CYCLE  POWER  »NPUT 
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FIGURE  IS  POWER  INPUT  FOR  A  VAPOR  CYCLE  ASSUMING  IDEAL 
VAPORS  WITH  PROPERTIES  APPROXIMATING  THOSE  OF 
THC  SPECIFIED  REFRIGERANTS 
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When  checking  the  suitability  of  a  fluid  for  a  particular  application, 
the  following  factor*  should  be  considered: 

1)  Critical  temperaturo 

2)  Freeaing  point 

}J  Values  of  A  and  B 

4)  Ideal  PI 

5)  Approximate  actual  PI  (calculated  from  tables  or  chart*) 

b)  Prnsurct  and  pressure  ratio*  that  appiy  at  specified  temperature* 

?)  Cooling  effect  per  pound  of  refrigerant 

8)  Volume  per  unit  of  refrigeration 

The  first  five  factor*  define  the  thermodynamic  applicability  of  the 
fluid;  the  last  three  factors  serve  as  an  indication  of  the  mechanical 
design  problem*,  such  a*  compressor  type  and  the  size,  strength,  and 
weight  of  components.  Some  of  t  e  mere  significant  properties  for  a 
number  of  refrigerants  arc  listed  in  ‘.able  1  (references  b  and  10  through 
14). 

T,  Use  of  Water  as  the  Refrigerant 

Many  of  the  usual  refrigerants  cannot  be  used  without  an  auxiliary 
air  cycle  to  lower  sinV  temperature  for  equipment  cooling  it  the  higher 
velocities  because  of  the  high  total  temperatures  that  prevail.  The  factor* 
that  eliminate  such  fluids  are  critical  temperature  and  latent  heat  oi 
vaporization,  'water  is  a  substance  that  has  a  high  critical  temperature 
(V05*F  or  Ilbi’R)  and  a  very  high  latent  heat  of  vaporization  (about  1000 
Blu/lh  at  IfcO’F).  The  treering  point  (32*1)  is  .  c  joint  of  the  minimum 
temperatures  that  will  probably  be  encountered,  but  this  would  not  he  a 
Cycle  factor  during  the  time  when  equipment  cooling  is  needed  as  the 
temperatures  considered  are  from  a  minimum  temperature  of  about 
ISQ'F.  The  design  of  a  system  which  would  r.ot  be  damaged  by  freezing, 
e.g..  when  the  aircraft  is  parked  in  cold  weather,  and,  further,  a  system 
that  would  automatically  thaw  out  by  virtue  of  heat  given  off  by  the  equip¬ 
ment  to  be  cooled  would  not  be  a  particularly  difficult  engineering  problt'm. 
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The  critical  temperature  u(  water,  ?OS*Fs  is  well  above  the  maximum 
total  temperature  con«iili-rril  in  this  study  t approximately  r,25'F)  no 
this  is  not  a  major  (actor.  The  value  of  B,  lp/^cPR  *s  approximately 
i  for  water,  which  t»  large  eomparrrl  with  other  refrigerants.  The 
value  of  Afi.i/CjJK)  is  approximately  la50  for  water  at  which  is 

very  large.  Considering  these  factors  together,  and  in  view  o|  the 
curvet,  of  figures  10  and  11,  it  tppears  that  water  would  he  a  very 
desirable  fluid  for  such  high  temperature  applications.  The  power 
requirement  for  water  is  much  lower  at  the  higher  temperatures  ihan 
for  the  fluids  more  commonly  used  as  refrigerants. 

The  advantages  of  water  as  a  refrigerant  arc  not  surprising  when 
one  considers  Us  complete  domination  in  other  vapor  cycle  applications, 
sum  as  steam  heating  and  steam  power  generation  systems.  The  thermo¬ 
dynamic  properties  which  make  water  so  attractive  in  these  fields  are 
as  appealing  for  -apor  cycle  cooling  at  the  higher  temperatures.  The 
thermodynamic  properties  are  not  even  approached  uy  any  of  the  other 
fluids  studied. 

The  attractive  qualities  arc  accompanied  by  certain  factors  that 
create  special  problems.  Among  the  disadvantage  >  are  a  rather  la rg* 
variation  of  vapor  pressure  with  tempo ri: "ri,  therefore  requiring  a 
relatively  high  pressure  ratio  from  the  evaporator  to  the  condenser. 

This  factor,  together  with  the  relatively  high  Cp/ev  ratio  (character¬ 
istics  of  gases  with  a  small  number  of  molcrulrs  per  atom),  results  Sr. 
a  gas  with  a  pronounced  tendency  to  superheat  when  compressed  isen- 
tropicaily.  U  the  pressure  ratio  is  high,  due  to  a  large  temperature 
difference  between  the  evaporator  and  condenser,  the  vapor  at  the  com¬ 
pressor  discharge  wit!  have  a  high  superheat.  In  case  that  temperature 
is  excessive,  the  compressor  must  be  cooled  during  compression.  A 
means  of  controlling  the  compressor  discharge  temperature  by  means 
of  condensate  bleed  is  illustrated  schematically  in  figure  12.  The  com¬ 
pressor  exit  temperature  is  controlled  by  means  of  a  valve  which  admits 
liquid  in  a  fine  spray  from  the  condenser  to  the  later  stages  ot  compression. 
The  valve  is  controlled  b>  the  compressor  discharge  temperature.  In 
this  way,  the  superheat  will  be  absorbed  in  evap-vratitig  the  liquid.  The 
compressor  discharge  can  be  maintained  at  a  predetermined  temperature. 
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The  relktiveh  high  freezing  point  of  »»tcr  I*  *  factor  that  Impose* 
certain  design  requirements  to  eliminate  the  possibility  of  damage  by 
freezing  and  to  assure  a  self-thawing  unit  so  as  to  be  operative  when 
cooling  is  required.  Figure  1)  is  a  schematic  diagram  pointing  out  the 
unit  arrangement  and  design  features  which  could  be  used  to  eliminate 
the  adverse  effects  of  freezing.  The  lines  containing  water  would  be 
made  of  iion-clrcular  sections  (hat  would  expand  without  damage  if  the 
water  freezes.  An  auxiliary  temperature  ■‘Sensitive  switch  in  series 
with  the  regular  control  switch  would  prevent  starting  the  unit  while 
frozen  but  would  automatically  start  the  cooling  system  when  the  unit 
become*  ice  free,  A  heat  transfer  fluid,  such  as  a  water-alcohol 
mixture,  that  would  not  freeae  would  be  used  to  transport  the  beat 
fr"-n  the  equipment  to  the  evaporator.  The  lines  carrying  the  beat 
transport  fluid  would  be  adjacent  to,  or  integral  with,  any  water  lines 
subject  to  freezing.  In  this  way,  the  unit  would  be  self-thawing  and 
operative  at  all  tnnuu  that  the  equipment  approaches  the  design  tempera¬ 
ture.  The  heat  of  fusion  of  the  water  would  be  utilixed  for  the  initial 
cooling  of  the  heat  transfer  fluid. 

Figures  14  and  IS  indicate  the  power  requirement  for  a  vapor  cycle 
cooling  system  using  water  and  using  Freon-1!  (one  of  the  better  Freana 
from  this  point  of  view).  The  curves  were  drawn  using  actual  enthalpy 
values  as  taken  from  tables  and  charts  anl,  therefore,  do  not  involve 
the  assumption  of  constant  specific  heats,  Iacniropic  compression  was 
assumed  in  each  case.  This  assumption,  considering  the  effect  of  fluid 
characteristics  as  pointed  out  in  a  previous  part  of  this  report,  is 
probably  conservative  for  water  but  is  nonconse rvativs  for  Freon-U. 

The  actual  difference  would,  therefore,  likely  be  even  greater  than 
indicated  by  the  figure.  Freon- 11  may  be  rather  unstable  at  the  higher 
temperatures  and  would  have  lobe  thoroughly  investigated  before  appli¬ 
cation  at  the  higher  temperatures  considered, 

A  study  of  the  figure  indicator  that  water  has  a  slightly  lower  power 
requirement  than  Frcon-ll  for  condenser  temperatures  up  to  275  *F. 

Above  27S*F,  the  difference  increases  rapidly,  the  PI  for  water  being 
about  two-thirds  that  for  Frcon-ll  at  a  340*F  condenser  temperature. 

Even  neglecting  instability,  the  absolute  limit  for  Frcon-ll  is  about  360‘F 
while  for  water  the  conden _  r  temperature  can  go  above  600  *F.  At  360  *F, 
the  Pt  for  Freon- 11  is  approximately  the  same  as  at  500  *F  for  water.  The 
deviation  from  the  ideal  Carnot  cycle  Is  also  interesting,  r,g.»  the  PI  for 
Freon- 11  is  approxiinulel y  twice  the  Carnot  value  at  340  *F  while  for  water 
the  PI  does  not  double  the  Carnet  value  unless  the  condenser  temperature 
is  about  540  *F, 
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FIGURE  IS  POWER  INPUT  VERSUS  CONDENSER  TEMPERATURE 
FOR  VAPOR.  CYCLE  COOLING  SYSTEMS  (Ty  ■  27S* F) 
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Figwxr  14  Indicate*  the  variation  of  tooling  effect  per  pound  of 
refrige za.nl  with  condenser  temperature  for  water  at  an  evaporator 
temperature  of  |f>0*F  and  2  74*F  and  for  Freon- l I  at  an  evaporator 
lempcratnure  of  ICQ'F.  Because  of  the  high  latent  heal  of  vaporization 
of  water,  the  cooling  effect  i»  much  greater.  Figure  17  gives  thu 
vapor  volume  per  unit  of  touting  versus  the  condenser  temperature* 
for  water  and  for  Frron-il  Because  of  the  low  density  of  water 
vapor  at  tthe  pressure  |al>o‘.l  4,75  ;>*:■>}  that  applie*  for  a  140*F 
evaporarmr  temperature,  the  volume  16  high,  indicating  the  need  fer 
a  relatively  large  d;  ft  laccmnt  roinprmor.  At  ?  27S*F  evaporator 
temperature,  the  vapor  pressure  has  increased  to  about  4$  psia  and 
the  volurmr  i«  reduced  to  approximately  one -tenth  it*  value  at  the 
I4Q*F  evaporator  temperature.  Compressor  ratio*  versus  condenser 
temperatuire*  are  shown  in  figure  IB  for  Freon-11  and  in  figure  19  for 
water  at  •evaporator  temperatures  from  190*  in  270,*F,  The  value*, 
of  cooling;  effect,  volumes  of  vapor,  and  pressures  that  apply  for 
specific  c  ondition*  determine  the  type  of  compressor  and  tV.->  required 
size,  strength,  and  weight  of  system  components, 

C,  Mcch.unical  Components  of  Vapor  Cycle  Cooling  System* 

The  nnt'chanical  component*  are  the  units  which  contribute  most  of 
the  weighs  of  the  system  and  because  of  efficiency  and  temperature  effect* 
have  a  direct  bearing  on  the  power  requirements  of  the  cooling  system. 

The  components  should  be  designed  with  due  consideration  for  the 
refrigerant  to  be  used, 

l.  Compressors  for  Vapor  Cycle  Cooling  Systems. 

The  refrigerant  in  a  vapor  cycle  cooling  system  must  ho  tiinsferred 
from  the  evaporator  to  the  condenser.  The  vapor  leaving  the  evaporator 
is  at  a  relatively  low  pressure  and  temperature  and  must  be  increased  to 
the  energy  level  of  the  condenser.  The  additional  energy  is  supplied  by 
means  of  u  compression  process.  In  the  conventional  refrigeration  or  heat 
pump  cycle,  the  difference  in  energy  is  supplied  by  a  mechanical  com¬ 
pressor.  The  function  of  the  compressor  is  to  increase  the  pressure  cl 
the  refrig.*'  rant  *0  as  to  permit  transfer  of  the  fluid  from  the  evaporator  to 
the  condcn  ter  and  to  increase  the  temperature  potential  so  that  heal  can  he 
transferred  to  the  sink.  The  compressor  is  the  mechanical  unit  which 
compress*  v  the  refrigerant  and,  in  effort,  pump*  the  heat  to  the  condenser 
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Refrigerant  Volume  per  Cooling,  U 


Condenser  Temperatur***.,  'F 

FZCURE  16  COOLING  E5  .FEGT  PER  POUND  OF  REFRIGERANT  VERSUS 
condenser;  temperature  for  vapor  CYCLE 
COOLING  SY  STEMS 
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FIGURE  17  REFRIGERAN-’T  VOLUME  PER  UNIT  COOLING  VERSUS 
CONDENSER  TEMPERATURE  FOR  VAPOR  CYCLE 
COOLING  SYSTEMS 
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Condenser  Tempcriturir.  *F 

FIGURE  IB  PRESSURE  RATIO  VEKSL’S  CONDENSER  TEMPERATURE 
FOR  FREON  - 1 1 
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FIGURE  :> 


AE>SURE  RATIO  VERSUS  CGNOENSEA  TEMPERATURE 
t'OR  WATER 
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Tlit  baiic  constde  rations  that  determine-  *-  fyjw  of  cuuprtkiar 
that  can  be  used  for  a  vapor  cycle  cooling  sy-tem  >r»: 

1)  The  refrigerant  properties 

2)  The  required  condenser  temperature 

11  The  require*1  evaporator  temperature 

The  rcfrigeri-.nt  vapor  pressure  at  the  condenser  and  at  the  evaporator 
temperature  defines  the  required  pressure  ratio  and  the  working  pressure* 
The  specific  volume,  latent  heat,  and  spv'-if>c  heats  at  the  applicable 
temperatures  define  the  volume  and  weight  of  fluid  that  must  be  purped 
and  the  required  energy  input.  The  effects  ot  such  fluid  properties  are 
div.usscd  in  the  preceding  part  t.f  this  report.  The  n.drcular  weight  Or 
desnity  of  the  caper,  together  with  the  volume  flow  and  pressure  ratio 
required,  are  the  major  factors  which  dictate  *hc  type  of  compressor 
which  can  he  uu-o  for  a  particular  application.  There  are  two  general 
types  of  compressors  that  have  applications  for  vapor  c ompression, 
dynamic  ard  positive  displacement  types. 

The  ref  rant  in  a  vapor  cycle  system  can  he  compressed  by 
dynamic  type  compressors  in  which  the  compression  is  obtained  hy 
virtue  of  a  change  in  ••'■locity  of  the  vapor,  Examples  of  this  type  are 
axial  flow  and  centrifugal  compressors.  The  former  would  not  likely 
have  any  application  in  vapor  cycle  cooling  systems.  Centrifugal  coni' 
pressors  are  widely  used  for  vapor  compression.  The  compression 
ratio  that  can  be  attained  with  centrifugal  units  depends  on  the  tip  speed, i.e., 
the  rotational  velocity,  and  the  radius;  and  on  the  density  of  the  vapor. 
Centrifugal  compressors  are  therefore  usually  used  te  compress  relatively 
dense  vapors  and  in  applications  where  the  pressure  ratio  f  per  stage)  is  lot 
loo  great.  Centrifugal  units  are  particular!-;  attractive  for  relatively 
large  volume  flow  rates.  This  type  of  compressor  is  discussed  and 
analysed  in  reference*  1  and  9, 

Positive  displacement  compressors  arc  widely  used  both  tn  conventional 
piston-type  units  and  in  many  variations  of  rot-ire  type  units.  Rcciprccaing 
units  require  very  careful  design  to  reduce  the  weight  of  this  type  of  unit. 

Tie  usual  somewhat  large  weight  is  primarily  a  result  of  the  relatively 
lew  rotational  speeds  usually  used  with  this  type  of  compressor. 

Relational  speeds  are  limited  by  the  recipe  oca' mg  part*  and  by  limitations 
imposed  uy  the  conventional  reed-type  valves.  Oy  utilizing  light  weight 
parts  and  possibly  positive  action  valves,  poppet  or  rotary  type,  recipro¬ 
cating  piston  compressors  could  possibly  be  designed  that  would  be 
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Hi'itt‘141,  mijirocalmi;  tainprcttort  arm  i onttwkM  mure  rlfUirnl 
than  other  positive  displacement  un Up* 

The  positive  displacement  rotary  type  of  compressor  appear* 
very  promising  (or  ligbtwe ight  airrutl  cooling  system*.  The 
Kieihur.ii.il  simplicity  amt  high  rotuiion.il  speeds  that  can  he  used 
with  units  of  the  l.ysholm  type  result  in  very  light  weigh l  and  high 
capacity  unit*.  The  weight  advantage  u(  such  unit*  i*  partially  offset 
by  the  lower  efficiency,  typically  about  CS?»,  a*  compared  with 
efficiencies  of  approximately  SOT*  for  reciprocating  compresrors. 

For  the  purposes  of  an  analytical  study,  it  is  desirable  to  define 
a  relationship  between  the  weight  of  a  compressor  and  the  operational 
factors  such  a*  refrigerant  (low,  pressure  ratio,  volumetric  efficiency, 
number  of  stages  of  compression,  etc,  A.  study  of  a  number  of  com¬ 
pressor*  made  by  various  manufacturers  indicates  that  the  weight  oi 
a  compressor  can  be  approximated  by  an  empirical  formula  of  *he  type 


WC  .  (A  ♦  B  Vr)  <n>* 
*v 


For  a  reciprocating  compressor  designed  for  aircraft  application, 
the  constants  were  evaluated  to  secure  an  empirical  equation  which 
will  approximate  actual  units  for  the  displacement  range  from  2  to  40  elm, 

Wc  «  (4  *  0.5VR)  tSU 

^Iv 


The  weight  ui  positive  displacement  rotary  compressors  of  advanced 
design  can  be  approximately  defined  by  a  similar  equation  for  the  given 
displacement  range, 

WC  a  Q  4  0.  1VR)  nXft  f54> 

% 


The  conclai.t'  in  the  above  equations  can,  of  course,  be  selected 
so  as  to  approximate  other  types  of  compressors.  For  a  particular 
application,  the  actual  weight  should  be  used  If  it  is  Known. 
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The  power  supply  system  (or  a  vapor  cycle  system  must  furnish 
power  lor  vapor  ronprn»io«  anO  lo  pump  the  liouhr  fluid  through 
the  line*  from  ;he  equipment  to  the  evaporator  and  in  tone  caret 
'ram  the  camlenier  to  a  heat  exchanger.  The  fundamental  effecla 
;(  the  power  supply  system  are  a  weight  addition  and  a  power 
requirement. 

The  required  refrigerant  volume  flow  rate  (Vp_J  at  evaporator 
conditions  per  Btu  and  per  kw  is  plotted  versus  evaporator  temperature 
for  Freon- 11  and  for  water  in  figures  20  and  21,  respectively.  The 
required  compressor  displacement  is  equal  lo  the  refrigerant  volume 
flow  divided  by  the  volumentrit:  efficiency 

The  power  input  for  the  compressor  is  equal  to  the  cooling  load 
limes  power  input  divided  by  .lie  compressor  efficiency,  'With  the 
cooling  load  expressed  m  kilowatts  (kw>,  the  required  power  in 
horsepower  OP)  is 


IF  «  kw  PI  (5$) 

0,746  \ 

The  power  for  circulating  the  heal  transport  fluid  is  dependent  on  the 
flow  rates,  liar  lenyth,  diameter,  and  or>  the  fluid  properties.  The 
heal  transport  part  of  a  cooling  system  is  discussed  in  section  IV  and 
In  appendix  II  of  this  report.  The  power  can  be  supplied  by  an  electric 
system,  a  pneumatic  system,  or  a  hydraulic  system. 

The  weight  of  an  electric  power  supply  .ystem  includes  the  weight 
of  thfc  motor,  the  additional  weight  necessary  lor  increased  generator 
capacity,  and  the  weight  of  wiring  and  controls. 

The  weights  of  various  sizes  of  typical  eicclric  motors  made  by 
diffe  rent  manufacturers  have  been  investigated.  The  weight  of  typical 
high  speed  aircraft  type  a-c  motors  are  plotted  in  figure  22.  A  good 
approximation  to  the  weight  of  high  speed  a-c  motors  lor  the  1  to  10  IF 
range  is  given  by  the  linear  equation 

W  a  h  t  1.5  IF  (56) 
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FIGURE  ZQ  REFRIGERANT  VOLUiviE  VERSUS  EVAPORATOR 
TEMPERATURE  FOR  FREON- It  VAPOR  CYCLE 
COOLING  SYSTEMS 
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FIGURE  21  REFRIGERANT  VOLUME  VERSUS  EVAPORATOR 
TEMPERATURE  FOP  WATER  VAPOR.  CYCLE 
COOLciC;  SYSTEMS 
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Th*  weight  ci  larger,  high  motort,  from  10  l«  *>0  W  cm 

be  ifpKMiiMttd  by  the  t^uatio* 

W  «  U  ♦  0.7  H»  (5?i 

The  weight*  of  typical  a*c  electric  generator*  are  plotted  In 
figure  2J,  The  linear  approximation  to  the  weight  of  generator*  in 
the  range  from  1  to  25  kw  tt  given  by  the  equation 

W  ■  17  ♦  2  kw 

flic  weight  of  generator*  lor  the  range  2$  to  90  kw  can  be 
approximated  by  the  equation 

W  *  27  4  1,6  kw  (58) 

In  determining  the  generator  weight  to.be  charged  to  the  cooling 
system,  it  i*  ,*n,c<d  thrt  the  aircraft  will  have  a  generator  and  that 
the  cooling  syetem  wtli  require  an  increase  in  the  generator  capacity 
and,  therefore,  will  be  charged  with  the  additional  weight.  It  i» 
assumed  that  the  act',.  >1  generator  ia  in  the  larger  range  and.  to  allow 
for  motor  efficiency  and  line  losses.  it  will  be  attumed  that  each 
hor»cpower  require*  one  kilowatt  generator  capacity.  The  generator 
weight  for  RC  unit*  charged  to  the  cooling  system  i*  then  approximately 
defined  in  term*  of  required  hor»epowcr  by  the  equation 

W  «  1.6  H»  (5<) 

The  weights  of  typical  d-c  motor*  and  generator*  are  plotted  In 
figure*  24  and  25,  respectively,  A  comparison  of  the  a-c  end  d-c 
date  indicate*  a  relatively  large  weight  advantage  for  the  a-c  unit*. 

The  power  input  vrr»u*  condenser  temperature  for  the  entire  -ange 
of  evaporator  temperature*  are  plotted  in  figure  li>  for  vapor  cooling 
cycle*  using  Freon- 11  and  in  figure  27  using  water.  It  *hould  be  noted 
that  or.  the  curve*  for  the  water  cycle,  the  scale  of  the  horizontal  axi*  i* 
40*  between  each  vertical  line  a*  compared  with  20*  for  the  Freun  cycle, 
Thu*  the  power  input  for  the  water  cycle  increases  much  more  slowly 
with  increasing  condenser  temperature  than  it  doe*  lor  t'nc  Freon-ll  cycle. 
The  values  a*  plotted  are  dimensionless  (e.g.  ,  Btu/Rtu  or  V»/kw)  and 
are  plotted  assuming  isentropic  compression  neglecting  valve  or  tubing 
pressure  drop*.  The  effect  of  inlet  and  outlet  pressure  drop*  are 
illustrated  by  the  curves  of  figures  28  ar.d  29,  respectively,  ' 
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WEIGHT  OK  D-C  GENERATORS,  30  VOGTS 
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POWER  INPUT  VERSUS  CONDENSER  TEMPERATURE  FOi 
A  FREON.  11  VAPOR  COOLING  CYCLE 
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Power  Input.  Biu/Btu 
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At  the  lower  temperature*  and  the  smaller  difference*  between 
condenser  and  evaporator  temperature,  the  power  Input,  assuming 
Uenlrupic  compression,  Is  within  about  I0*k  for  Freon-ll  and  for 
water.  For  all  condition*  in  the  range  considered,  water  exhibit* 
a  lower  PI  than  d  ,es  Freon-1!,  about  7 of  the  PI  at  a  IS0*F 
evaporator  and  100 *F  condemer  temperature.  Water  requires 
less  than  half  the  power  at  a  l$Q*F  evaporator  temperature  and  HOT 
condenser  temperature.  Freon-ll  ha*  a  critical  temperature,  J83'F, 
so  would  not  be  applicable  for  condenser  temperature*  greater  mu 
about  IbO*F,  or  perhaps  much  lower  from  stability  considerations, 

Water  with  a  critical  temperature  ol  70S  *F  and  being  very  stable  could 
be  used  with  condenser  temperatures  of  SOO*  to  feOO'F  or  greater,  but 
of  course  the  condensing  pressures  would  then  be  high  ff>80  ps.a  at 
S00*F,  1540  psia  at  feOO’FJ.  All  the  curves  were  drawn  assuming 
isentropic  compression  and  neglecting  valve  pressure  drops.  In  the 
case  of  water  vapor  which  ha*  a  marked  tendency  to  superheat  with 
isentropic  compression,  the  power  input  would  decrease  somewhat  if 
the  compressor  were  cooled,  thus  reducirg  the  outlet  temperature. 

Such  cooling  of  the  compressor  is  essential  to  prevent  excessive 
temperatures  when  high  pressure  ratios  »  re  involved. 

In  a  vapor  cycle  cooling  system,  the  major  fundamental  effects 
are  weight  addition  and  power  consumption  and,  in  some  cases,  a 
drag  effect.  The  compressor  and  power  source  are  the  units  which 
directly  contribute  most  of  the  weight  of  the  system  and  are  the  major 
power -con sunning  components.  The  design  of  the  evaporator  and 
condenser  have  a  direct  effect  on  the  volume  and  on  the  compression, 
ratio  required  and  thus  affect  the  compressor  design.  Because  of  the 
significance  of  the  compressor  in  the  complete  system,  design  which 
reduces  its  weight  and  power  is  a  very  fruitful  field  for  system  weight 
and  power  -.eduction.  In  particular,  an  increase  In  the  evaporator 
temperature  will  reduce  the  power  input  and  orcrc-ase  the  displacement 
and  weight  of  the  compressor  because  a  higher  vapor  pressure  will 
reduce  the  specific  volume  of  the  fluid  at  the  compressor  inlet  ar.d  also 
increase  the  pressure  and,  therefore,  reduce  the  required  pressure 
ratio  from  the  evaporator  to  the  condenser.  A  reduction  in  the  condenser 
temperature  will  re*ult  ir.  lower  compressor  discharge  pressures  and 
therefore  also  reduce  th*  power  Input, 
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2.  Evaporator* 


When  aircraft  equipment  it  tooled  lay  a  vapor  cycle  cooling  tynUm, 
the  ho  .t  dissipated  hy  the  equipment  in  absorbed  in  evaporating  the 
refrigerant.  Ir.  most  uari,  the  he.it  from  the  equipment  would  likely 
be  transported  from  the  equipment  to  the  evaporator  by  meant  of  A 
heat  transport  fluid.  The  transport  of  the  neat  i*  disentitl'd  in  section 
IV  of  this  report.  In  thit  case,  the  evaporator  is  a  liquid-to-boi’ing  fluid 
heal  exchanger.  Ideally,  to  secure  a  minimum  of  temperature  drops, 
the  evaporator  should  he  located  at  or  in  the  equipment,  thus  cooling 
the  equipment  directly.  However,  to  secure  a  compact  unit,  to  eliminate 
long  lines  for  conducting  the  vapor  from  the  equipment  to  the  compressor, 
and  considering  the  relatively  high  heal  transfer  coefficients  that  apply 
for  liquids  flowing  \n  tubes,  the  use  of  a  heat  transport  fluid  is  usually 
justified. 

Heat  transfer  coefficients  that  apply  for  evaporative  heat  transfer 
for  the  refrigerants  considered  in  this  study  are  assumed  constant  and 
assigned  typical  values  as  given  in  the  literature.  Reference  5  Rives 
the  value  of  evaporative  heat  transfer  coefficients  for  water  as  500  to 
1000  lilu/hr  ft^  'F.  Reference  1  gives  values  in  the  range  from  iOO  to 
600  Btu/hr  ft^  *F  as  typical  for  evaporating  Freon- II. 

The  following  factors  must  be  considered  as  they  affect  evaporator 
design  and  total  weight  and  power  requirements  of  a  cooling  system: 

1)  Surface  area  for  evaporative  heat  transfer  and  for  transfer  fluid 
heat  transfer  -  In  general,  a  large  area  will  result  in  heavier  evaporator, 
higher  evaporating  temperature  and  therefore  lower  compressor  dis¬ 
placement,  weight, and  power  requirements, 

2)  Transfer  fluid  velocity  and  mass  flow  rate  -  In  general,  high 
velocity  and  mass  flow  rate  will  result  in  a  high  heat  transfer  coefficient, 
small  temperature  rise  through  evaporator,  and  permit  higher  evaporating 
temperatures,  reducing  compressor  size  and  power  but  requiring  greater 
transfer  fluid  pumping  power. 

1)  Evaporator  design  should  be  aimed  toward  high  heat  transfer 
coefficients  for  both  the  boiling  refrigerant  and  the  flowing  heat  transport 
fluid.  The  weight  and  volume  should  be  minimized  for  the  required  heat 
transfer  area  and  rtrenglh. 
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The  following  evaporator  discussion  is  hatted  on  the  assumption 
that  the  cooling  load  is  to  be  extracted  from  a  liquid  which  Has  absorbed 
the  heat  dissipated  by  the  equipment.  The  evaporator  is  then  a  liquid 
to  tube  wall,  to  boiling  liquid  heat  exchanger. 

The  high  heat  transfer  coe“iclcnls  that  apply  in  the  evaporator 
indicate  that  the  temperature  citference  in  this  particular  type  heat 
exchanger  can  be  relatively  small,  and  also  that  the  heat  transfer  arena 
and  weight  of  the  unit  can  be  l.ept  quite  low.  The  required  area  will 
vary  inversely  with  the  temperature  difference.  The  optimum  value* 
are  governed  by  weight  consecrations,  by  the  required  evaporating 
temperature,  and  by  the  power  requirements.  The  weight  associated 
with  the  evaporator  is  the  weight  of  the  tubes,  or  heat  transfer  surface*, 
the  shell,  the  heat  transfer  fluid,  and  Ihc  refrigerant.  For  a  particular 
configuration,  such  weight  actors  can  he  defired  in  terms  ot  the  specific 
weights  and  the  required  heat  transfer  area. 

The  power  required  to  circulate  the  heal  transport  fluid  will  depend 
on  the  flow  rate,  on  the  tube  geome  try,  and  on  the  fluid  viscosity.  In 
addition  to  the  power  required  to  circulate  the  fluid,  the  evaporator 
temperature  will  influence  the  vapor  compression  power  requirement 
because  of  the  variation  of  the  vapor  specific  volume  and  required  com¬ 
pression  ratio  with  the  evaporating  temperature. 

The  evaporating  temperature  can  be  determined  by  assuming  that 
the  heat,  or  cooling  load,  has  been  absorbed  by  a  transfer  fluid  and 
must  be  removed  from  the  liquid  at  an  evaporator  inlet  temperature 
which  is  equal  to  the  equipment  exit  temperature  <Tj;c}.  This  tempera¬ 
ture  is  dependent  on  the  operating  limitations  of  the  equipment  being 
cooled. 

For  this  analysis,  the  heat  transfer  fluid  will  be  assumed  to  be 
flowing  inside  a  lube  with  the  evaporating  refrigerant  on  *ht  vutsnte. 
Other  details  of  the  configuration  need  not  be  defined  at  this  point.  The 
convective  inside  and  outside  heat  transfer  coefficients,  h;  and  h0,  will 
be  assumed  constant  (cr  effective  average  values  used). 

Assuming  the  inside  and  outside  heat  transfer  areas  are  equal, 
and  neglecting  the  small  temperature  drop  through  the  tube  wall,  the 
heat  transfer  in  a  length  dx  of  an  evaporator  tube  is 

dQv  *  »d/h0  h,  \  (T,  -  Ty)  dx 

\h0  ♦  hi J 

*  U  *  d  t'if  -  Tyl  d*  (60) 
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The  Umptratur*  of  the  fluid  (1>  )  wtll  vary  almt  the  tube  u  the 
ktat  i*  flttipaM.  The  h«-,t  lots  tan  *Uo  he  etprcucd  in  terms,  oi 
fluid  temperature  change 

«lQv  m/T<lA-  1600  Yg/cp  dTy 

■jr  vr  J  ?r 

»  36CO  eCp  dT>  (61) 


Then,  from  equations  (63)  and  (61), 

d“5  *  t?ed  da  (62) 

If  l"ty  1600  wep 

Integrating  between  inlet  and  outlet  temperature  (T yj  and  T/o>  and  along 
length  (|), 


nfTf  0  -  TV\»  -UA  (61) 

\rt  r-Tvj  ibQQ  wcl» 

Integrating  equation  (41)  gives 

Gy  a  1600  wc?  (T/»  -  Tf  q)  (64) 

The  term  1600  vvcp  can  be  eliminated  from  equation  (64)  by  substituting 
a  value  determined  from  equation  (61), 

°V  -  UA(Tyj-Tfo)  (66) 

STST  -  TV)/(T/„  -  Tv)] 

Equation  »(tj  gives  the  evaporator  hea-  transfer  in  a  form  similar 
to  the  usual  convective  heat  transfer  equation  ir.  term*  of  a  toga  ’ithmic 
mean  temperature  difference. 

The  temperature  at  which  the  refrigerant  evaporates  (Ty)  i*  very 
significant  as  this  temperature  is  one  of  the  factors  that  determines  the 
cycle  temperature  difference,  thus  affecting  the  pewer  input  and  refrigerant 
flow  requirement.  The  refrigerant  evaporating  temperature  also  deter¬ 
mines  the  specific  volume  of  the  vapor  at  the  compress  >r  inlet.  These 
factors  determine  the  necessary  compressor  displacement.  The  actual 
refrigerant  evaporating  temperature  must  be  optimized  considering  weight* 
of  compressor,  evaporator,  and  distribution  system  arid  also  considering 
the  refrigerant  compressor  .in'1  the  heat  transfer  fluid  pump  power 
requirements. 
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The  x-equlred  evaporating  temperature  (TyJ  can  be  dste  Twin'd 
li  follows: 

From  equation  tb$) 


\hrtti -  rv\«  UA  (T#i  -  T^oi  (tfc» 

[r(T^}]  Qv 

Substituting  the  value  of  Qy  from  equation  (fc-l),  taking  the  anti  log,  and 
solving  for  Ty, 

_ UK 

1600  wcp 

tv  »  T/j  -  lf0  e _ _  (f*7> 

VA 

ItiOO  wfp 

1  -  • 

The  t;  tr.sfer  fluid  outlrt  temperature  Tj0  can  he  expressed  in 
terms  of  the  inlet  temperature,  the  evaporator  load,  tne  tube  size, 
and  the  flow  rate. 

Tv  -  Ty ,  —  Qy  f_x?— 1  (be) 

lt»C0  wep  |( l  •  e*)| 

where  a  ■  U A 

ItiOO  wep 

The  evaporating  temperature  must  be  lower  than  the  tranifrr  fluid 
temperature  but  should  be  as  high  as  is  practical.  As  Ty  increases, 
the  vapor  pressure  increases;  therefore,  the  power  required  to  compress 
the  vapor  will  i'ec  reuse  as  will  the  specific  volume  c»  the  vapor  and  the 
required  compressor  displacement.  The  lower  compression  power 
and  weight  will  of  course  require  greater  evaporator  -weight  and  greater 
transfer  fluid  pumping  power,  Tire  design  value  of  Ty  should  be 
selected  ter.  side  ring  all  of  the  effects, 

Calculwtic ns  indicate  that  the  weight  ot  an  evaporator  of  the  type 
illustrated  in  figure  11  car.  be  approximated  by  an  empirical  equation  of 
the  form 


W  v  a  C  x  Q  y 

te7  -  t"v 


(b<?) 
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If  the  cooling  Iimi!  is  expressed  in  liluwitti,  the  constant  C  «iU 
have  a  value  of  about  10  for  an  efficiently  designed  evaporator,  The 
evaporator  weight  is  then 

Wy  ■  iO  Vw  f?0| 

T Ee  '  *“V 

In  evaluative  c jlcul. lions,  an  otilir.u")  value  of  TEi  •  TV»« 
dele  rn  lirud  considering  the  variation  of  compressor  and  power  supply 
system  weight  coax  to  s'gure  a  minimum  total  weight  (including  a 
power  equivalent  weight), 

1,  Condenser 

The  condenser  jf  a  vapor  cycle  cooling  system  must  dissipate  the 
cooling  load  plus  the  heat  generated  during  comp  re  anion  of  the  vapor. 

That  hrat  inuyl  he  given  oil  to  a  heat  sink,  most  likely  the  atmosphere. 

The  amount  of  heat  that  can  be  transferred  through  a  given  area  is 
dependent  on  the  area,  the  temperature  difference,  and  the  heat  transfer 
coefficient.  The  atca  should  be  as  small  as  possible  to  minimize  weight. 
The  temperature  difference  should  be  as  small  as  possible  so  as  to 
reduce  the  work,  of  c orr.prc:- s ion. 

At  the  higher  altitudes  considered  in  ’hit  study,  the  density  of  the 
air  is  very  low  resulting  in  "cry  low  heat  transfer  roeffic ients  unless 
the  velocity  of  airfluw  is  very  high. 

A  surface-type  condenser  is  shown  in  figure  a  ram  air  cooled 
condenser  in  figure  12,  and  a  liquid  cooled  condenser  in  figure  JJ.  The 
suriace-type  condenser  provides  a  means  of  securing  a  reasonably  high 
heat  transfer  Coefficient  even  at  the  high  altitudes  because  of  the  ex¬ 
tremely  high  velocities  that  apply  for  heal  transfer.  An  additional 
advantage  of  this  type  of  heat  exchanger  is  that  the  effective  sir',;  tempera¬ 
ture  is  the  recovery  temperature  and  not  the  total  temperature  of  the  air. 
This  is  a  very  significant  factor  at  the  high  velocities.  This  type  is  also 
particularly  attractive  in  that,  being  a  part  v-f  the  surface  of  the  aircraft, 
there  would  be  a  relatively  small  increase  in  drag  to  be  charged  to  the 
air  side  of  this  type  of  condenser. 
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FIGURE  30  SURFACE  HEAT  EXCHANGER  OR  CONDENSER 


»,  Typical  toil 


b.  Schematic 
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FIGURE  31  EVAPORATOR  FOR  l.K>UID  HEAT  TRANSPORT  rcUID 
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b,  Schematic 


FIGURE  n  RAM  AIR  COOLED  CCNDEN3 ER  OR  HEAT  EXCHANGER 


FIGURE  31  LIQUID  COOLED  CONDENSER  OR  HKA  I  EXCHANGER 


n 


WAOC  1R  56~iSJ 


The  major  effect  of  a  surface  condenser  or  heat  exchanger  la  the 
additional  weight  imposed  on  the  aircraft.  The  surface  heat  exchangee 
will  also  impose  an  increase  in  drag.  The  drag  increase  is  caused  by 
the  temperature  change  along  the  surface  of  the  aircraft.  The  chat.ge 
in  temperature  results  in  an  increase  iri  the  local  heat  transfer  coeffi¬ 
cient  and  also  in  the  skin  friction,  A  flat  plato  with  an  unhealed  are*, 
followed  by  an  area  that  is  heated  will  have  a  larger  local  heat  transfer 
coefficient  than  a  plate  heated  over  the  entire  area  (reference  IS),  The 
local  heat  transfer  coefficient  (h'J  for  the  plate  with  the  unheated  area 
can  be  expressed  in  terms  of  the  local  heat  transfer  coefficient  (h)  that 
would  apply  if  the  plate  were  uniformly  heated  (for  laminar  flow) 


In  equation  (71),  xQ  is  the  distance  from  the  leading  edge  to  the 
heated  area  and  x  is  the  distance  from  the  leading  edge  to  a  point  in  the 
heated  area.  Because  of  heat  conduction  considerations,  the  temperature 
increase  is  not  a  step  change,  and  the  infinite  Increase  in  heat  transfer 
coefficient  indicated  by  equation  (71)  when  x  «  xo  is  of  course  not  valid. 
The  determination  of  the  drag  caused  by  a  autface  heat  exchanger  woutd  . 
require  an  expression  indicating  the  change  in  skin  friction  and  also 
rather  detailed  assumptions  and  calculation  of  the  skin  friction  and  drag 
for  the  case  without  a  temperature  variation.  Such  a  drag  analysis  has 
not  been  made  in  the  present  study.  Neglecting  the  increase  in  the 
heat  transfer  coefficient  is  a  conservative  assumption  which  will  tend 
to  offset  (from  an  evaluation  standpoint)  the  increase  in  drag  which  has 
not  been  analyzed  in  this  study.  The  heat  transfer  surface  should  be 
located  in  a  region  of  turbulent  flow  bo  that  the  temperature  change  will 
not  cause  transition  at  a  point  that  would  normally  be  in  laminar  flow. 

Assuming  the  surface  is  in  a  region  of  fully  developed  turbulent 
flow,  neglecting  the  increase  in  heat  transfer  coefficient  and  in  skin 
friction  will  not  introduce  a  serious  error. 

At  the  lower  flight  speeds,  the  heat  transfer  coefficient  decreases; 
however,  the  recovery  temperature  will  also  decrease  so  the  temperature 
difference  increases.  The  greater  temperature  difference  will  more  than 
offset  the  heat  transfer  coefficient  decrease.  The  dissipation  of  a  given 
amount  of  heat  will  therefore  be  most  critical  at  the  maximum  v,*loci»y 
that  applies  for  the  specified  flight  limits. 
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With  the  alimve  assumptions,  the  external  heat  transfer  coefficient* 
that  apply  for  v;uriou*  altitudes  are  plotted  versus  velocity  in  figure  4% 
Curves  of  comuutnt  recovery  temperature  are  plotted  on  the  altitude* 

Mach  number  a»:is  in  figure  5, 

The  heat  t'lvunsfer  coefficients  associated  with  condensation  of 
vapors  are  uaiiiwlty  very  high.  Consequently,  the  temperature  drop 
and  the  area  rmpiured  to  transfer  the  heat  from  the  vapor  to  the  atmos¬ 
phere  will  he  primarily  determined  by  the  air  side  heat  transfer 
coefficients,  ‘Hihe  area  that  is  required  to  transfer  a  given  amount 
of  heat  can  be  determined  assuming  that  the  part  of  the  surface  with 
a  direct  conduntuve  path  from  the  tube  is  at  a  constant  temperature  and 
neglecting  any  Huiiit  transfer  to  the  inside,  which  would  likely  he  an 
insulated  sur facie..  The  effect  ct  tube  spacing  and  ether  characteristics 
can  be  determ  uned  from  such  considerations. 

The  heat  cumducted  along  the  surface  between  the  tubes  (figure  30)  is 
Qj  a  -  k  b  /  (dT/dx)  (72) 

The  change  in  Oil  lin  a  distance  dx  is  equal  t<»  the  convective  heat  transfer 
dCQ  «  h  1  (T  -  T r)  dx  (73) 

or  (illQ/dx)  *  h  |  (T  -  Tr)  (74) 

Differentiating  eiquation  (72)  with  respect  to  x, 

(dlQ/d.<)  x  .  k  b/  (d^T/dx*)  (75) 

Subtracting  equation  (74)  from  equation  (75) 

(df-T/dx*)  +  (h/k  b)  (T  -  Tr)  «  0  (76) 

The  solution  of  thus  differential  equation  is 

T  *  Tr  +  C  l  *  *  C*  e  X  (77) 

where  and  Claire  constants  of  integration. 
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Determining  the  constant  from  the  cumditiou*  that  at  x  *  0.  T  «  TW 
and  at  x  *  */2.  dT/dx  *  0  and  simpl'ilfying 

t  ■  Tr  >  cosh fyror n>n  -  xfl  txw  -  Tr)  (?») 
cosh  pT775TTT77] 

Equation  (78)  defines  the  tempo  rat  it  nc  at  a  distance  x  from  the  tubes. 

The  heat  transferred  through  the  anna  between  the  tubes  is 

✓“s/2 

Q  »  ZYit  (T\y  •  T r)  /cosh  fyjk/kij(s/i'x)1  dx  (79) 

Integrating  equation  (79) 

Q  a  2h/  (T\y  ~  Tf)  ^Sib/Ti  tanh  t/’h/kf*  «/2)  (80) 

A  check  of  equation  (80)  indicates  thiutt  -the  tube  spacing,  s,  should  he 
selected  depending  on  the  surface  ho:ut  transfer  coefficient,  the  conductivity 
of  the  material,  and  the  thickness.  JF'or  example,  if  s  is  such  that 
yFTkb*  /is  1,5,  the  value  of  the  quantity  (tanhb/h/kbs/2)  is  approxi¬ 
mately  0,9,  indicating  that  90%  as  much  heat  will  be  transferred  in  the 
area  between  the  tcbco  ns  could  be  immsferred  with  ‘•infinite”  spacing 
so  that  any  increaue  in  spacing  would!  (have  a  very  small  effect  on  the  heat 
transferred  by  a  given  tube  length,  lln  those  cases  where  lube  length  is 
a  significant  factor,  this  value  would;  .i*e  an  important  criteria.  In  most 
cases,  the  total  area  is  more  importutnt  than  tube  length.  A  very  signi- 
ficant  factor  is  then  the  value  of  tanldb/h/kbs/2)/(^h/kbs/2)  which  Is  the 
ratio  of  the  heat  transferred  by  the  Min  portion,  i,e.,  the  portion  between 
the  tubes,  to  that  which  would  be  transferred  if  the  fin  area  were  at  the 
constant  temperature  (T w).  This  fim  •effectiveness  factor  is  plotted 
versus  tube  spacing  for  a  broad  rang*r  of  values  of  h/kh  in  figure  34. 

The  fin  effectiveness  is  a  measure  <>»::ihe  efficiency  of  the  utilization  for 
heat  transfer  of  the  area  between  tha  •tubes. 

The  total  heat  which  can  be  di:ht;ipalcd  is  the  sum  of  the  heat 
transferred  by  convection  from  the  s-u-r  face  (the  fin  portion  an  given  by 
equation  (80)  and  the  surface  in  a  dirmet  path  from  the  tube)  ard  the  heat 
transferred  by  radiation 

Q  a  h i  *  2 /kb  tanh  fi?  s  (  C,w  -  Tr)  V  (sd  +  s)  FeFa(T4-Tr4)  (81) 
Vh  Vkb  2 
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FIGURE  14  KIN  EFFECTIVENESS  VERSUS  TURK  SPACING  FOR 
A  SURFACE  CONDENSER 
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Tlie  etfecl  o I ^h/kfa  and  a/2  ia  illtiMraled  by  figure  )4.  Th* 
curves  about  that  the  surface  between  the  tubes  ia  most  effective  ia 
those  cases  where  the  value  of  ,/hTt ib  is  relatively  small.  If  the  tube 
spacing  (a)  is  chosen  to  secure  a  given  effectiveness,  the  hral  transfer 
ilut  i  the  portion  between  the  tubes  is  proportional  to  h^SS75  or  ,/hkb. 

The  actual  tube  spacing  should  be  selected  considering  the  relative 
significance  of  total  area  and  of  tube  length.  For  a  given  fin  effective¬ 
ness  and  for  a  given  percentage  of  maximum  heat  transfer  per  unit  lube 
length,  the  tube-  spacing  will  vary  direc'.ly  with ^h/kh. 

The  area  that  is  required  for  a  surface  condenser  is  dependent 
on  the  following  factors: 

1)  Required  heat  dissipation 

2)  Cxterr.al  heat  tranafe r  coe ffic ient 

i)  Difference  between  the  surface  temperature  and  the  recovery 
temperature 

The  condenser  must  tiansicr  (to  the  sir)  the  heat  produced  by 
compression  of  the  vapor  and  by  ccunprt  msor  and  motor  losses  in 
addition  to  the  cooling  load.  The  total  heat  that  must  be  transferred 
by  the  condenser  is  then 

QK*Qv  /»*£! _ \  (8*) 

l  V 

The  external  heat  transfer  >  inefficient  is  primarily  a  function  of 
the  attitude  and  the  flight  velocity.  Values  of  the  heat  transfer  coefficient 
that  are  applicable  t*t  ‘.hi.  study  are  plotted  in  figures  4  and  5. 

The  temperature  of  the  condenser  surface  depends  on  the  position 
relative  to  the  condensing  refrigerant.  It  is  assumed  the  temperature 
drop  through  the  wall  is  small  so  that  a  point  directly  through  the  tube 
■call  from  the  condensing  refrigerant  is  at  a  temperature  tk«  The  space 
between  tubes  is  essentially  a  fin  area  and  is  treated,  as  indicated  ii  the 
analysis  abov.*,  in  terms  of  a  fin  efficiency  |^), 
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The  rt,quirt4  su'hct  for  a  gl\rn  h«*4t  fOftrti*n«»r  IoaH 

l.tlt  hr  c  xp  re  *  » *‘<J  in  lr.*nu  of  tht-  h»*4l  load  <Qk>.  the  overall  heat  i  ran  liter 
coefficient  (U),  the  direct  heat  flow  path  the  tube  spacing  Is),  and 

(assuming  a  consta"*  condensing  temperature  the  difference  between 
the  condensing  temperature  (Tj^l  and  the  recovery  temperature  (Tr). 

The  area  is 


fts»  OKltd»»)  <#H 

u  *  ijs>  <tK  ’  T  ri 

The  weight  is  equal  to  the  area  times  the  weight  per  unit  area, 
thi  n,  using  a  factor  (F^l  for  the  effect  of  fin  efficiency  on  areas  and  the 
ratio  of  the  outside  to  the  overall  heat  transfer  coefficient, 

*~S  *  ho  <«d  ♦  »)  t*44) 

U  (s<t  f 

A  factor  which  is  quite  n<-ar  unity  for  nearly  all  cases 
l  <  i's  <  1 . 1 

The  weight  of  the  surface  heat  exchanger  is  then 

*S  »  *S  B/»b  Qk  <8S> 

hotTK'M 

P.  Results  of- Vapor  Cycle  Cooling  System  Analysis 

Vapor  cycle  cooling  systems  of  the  type  shown  in  figure  8  have 
beer,  analysed  fo<  the  entire  attitude -Mach  number  range  of  mtcreHl  in 
this  study.  Vapor  cycle  systems  in  combination  with  expendable  coolant 
systems  have  also  been  analysed.  Such  systems  at  discussed  in  section  VHl 
of  this  report.  Variations  of  the  basic  vapor  cycle  system  as  illustrated 
in  figures  •?,  15,  and  If  have  been  analysed  for  certain  conditions  to 
determine  she  relative  effect  uf  the  variations,  juch  variations  arc  dis¬ 
cussed  following  the  general  result*. 

The  systems  have  been  evaluated  in  terms  of  .1  total  equivalent 
weight  as  clcfincu  in  section  IV  of  this  report. 
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FIGURE  35  VAPOR  CYCLE  COOLING  SYSTEM  WITH  LIQUID 
COOLED  CONDENSER 
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Ths  itiumeil  opr  rating  condition  include  the  Altitude  ».«4  Meek 
tunber  range  o C  figure  1  end  c<juipn:tnt  exit  temperature.  of  lt>0*F 
end  £7S*F.  The  equipment  cooling  lord  is  assumed  to  lie  10  Vw.  The 
result*  ere.  considered  typical  lor  unite  somewhat  smaller  it  well  an 
for  unite  several  time*  as  large.  The  larger  unite  would  permit  a  alight 
weight  reduction  ea  a  per  kilowatt  basis. 

The  moat  significant  fundamental  effecte  of  vapor  cycle  cooling 
ay eiemi  arc  the  Weight  addition  and  the  power  requirement.  Systems 
utilising  a  condrn acr  cooled  by  ram  air  would  Lrnpoae  a  significant  drag. 
For  systems  employing  a  surface  condenaer  or  a  heat  exchanger.  the 
amali  increaae  in  drag  will  be  neglected  aa  diacusaed  in  section  V  of 
thia  report. 

The  factor*  that  vary  between  different  velocities  and  altitudes  are 
the  weightr  of  the  compressor.  evaporator,  ar.d  condenaer  and  the  power 
input  to  the  compressor.  The  weight*  and  power  associated  with  the 
heal  transport  fluid  and  with  the  absorption  of  the  heat  at  the  equipment 
ta  essentially  independent  of  the  cooling  system  for  the  types  of  system* 
under  consideration.  Any  variations  would  be  caused  by  differing  *ig- 
nificance  being  assigned  to  various  factors  in  the  o,  limicatioa  procedure; 
however,  because  of  the  basic  similarity  of  various  systems,  a  heat 
transport  system  that  ia  optimized  for  one  system  will  be  very  near  the 
optimum  for  other  vapor  cycle  systems.  Consequently,  the  weight  of 
the  heat  transport  system  ia  not  included  in  the  curves  defining  the 
effects  of  altitude  and  velocity  and  illustrating  the  differences  and  the 
range  of  applicability  of  Freon-11  and  water  system*.  The  figures 
are  drawn  assuming  art  optimized  heat  transport  system  in  so  far  a*  it 
will  affect  the  evaporator  temperature  and  weight,  the  compressor  and 
pewer  supply  system  weight,  and  the  new.-  input.  The  total  equivalent 
weight*  as  given  include  the  weights  of  the  compressor,  the  power  supply 
system,  the  evaporator,  the  condenser,  ard  a  factor  of  one  (or  two)  as 
an  equivalent  weight  factor  for  the  total  power  required.  An  additional 
factor  of  one  timet  ihe  power  requirement  is  included  to  account  for  the 
connection*,  lines,  and  the  expansion  valve.  The  weight  of  such  items 
depend*  on  size  and  strength  requirements  which  in  turn  are  determined 
by  the  pressure  considerations  and  volume  flow  requirements.  These 
latter  factor;  are  related  to  the  power  requirement.  The  weight  of  the 
heal  transport  system  is  considered  equal  for  ihe  different  systems  of  this 
type.  The  weight  of  the  transport  system,  dependent  on  the  distribution 
of  equipment,  can  be  determined  by  *ef<  rence  to  sect. on  IV.  For  a  t0  aw 
cooling  load  and  assuming  ,n  average  or  effective  distance  of  t'-rniy  feet, 
an  equivalent  weight  of  ten  pounds  may  be  e i-nsme red  typical. 
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Equivalent  weight  it  plotted  veriui  flight  Mach  number  tor  ttrioui 
Altitude*  And  equipment  exit  temperatures  in  figure*  J7  to  40.  Curve* 

Are  draun  using  po*er  translation  (actor*  fp  of  one  and  two  a*  di*» 
cuarrd  in  section  III,  The  etfect  of  other  translation  factor*  can  he 
readily  dele  mined  by  noting  the  effect  at  indicated  by  the  figure*. 

The  difference  in  the  Mach  number  a*  given  on  the  abicimaa  scale  foe 
Freon-ll  and  water  should  be  noted.  Also  it  should  be  remembered 
that  the  curve*  for  Freon-ll  do  not  reflect  any  fluid  instability  which 
may  preclude  u»e  at  the  higher  Mach  number*.  The  figure*  indicate 
that  for  similar  conditions  below  Mach  2,  the  total  equivalent  weight* 
of  Freon-ll  and  water  systems  are  quite  comparable;  a*  the  velocity 
ire*cases  above  Mach  2,  the  total  equivalent  '".eight  of  tht  Freon-ll 
system  increases  much  more  rapidly  than  doe*  the  weight  of  the  water 
system.  Ihe  maximum  practical  operating  lunit  for  Freon-ll  fs  about  * 
Mach  2,  i  at  the  higher  equipment  temperatures  and  under  2,2  for  th* 
lower  equipment  tempe  lalurc  •  »  System*  using  water  a*,  the  refrigerant 
w-,11  operate  wiih  reasonable  total  equivalent  weights,  considering  the 
temperature  level  to  which  the  heat  must  be  raised,  for  the  entire 
altitude-Much  number  range  being  considered  in  this  study.  This  i» 
primarily  a  result  of  the  high  critical  temperature  of  water  (7Q5*F| 
and  of  the  high  latent  heat  of  water  which  it  several  times  as  Imp  aa 
fox  Frfon-lU 

The  effect  of  altitude  on  the  total  equivalent  weight  is  illustrated 
by  figure*  41  to  44  tor  Freon-ll  and  for  water.  The  minimum  weight 
at  40.000  feci  altitude  is  a  reflection  of  the  lower  recovery  temperature 
at  that  altitude  and  of  the  relatively  high  heat  transfer  coefficient  that 
applies.  Thr  limits  in  the  altitude -Mach  number  envelope  for  which 
systems  of  various  total  equivalent  weight*  will  provide  cc-cling  at  the 
specified  equipment  exit  ternne  rati  re*  are  shown  in  figures  45  and  4h 
lor  Freon- 11  and  in  figure*  47  and  48  for  water.  The  systems  have  been 
optimized  for  a  surface  heat  transfer  coefficient  (h0  =  20J,  These  curves 
indicate  that  a  system  of  a  given  weight  will  be  capable  of  cooling  equip¬ 
ment,  maintaining  the  specified  exit  temperature,  for  any  flight  condition 
within  the  specified  envelope,  to  the  left  of  the  respective  curve.  Opti¬ 
mization  at  h<j  *  20  (altitude  approximately  55,000  feet)  implies  thal 
operation  at  other  conditions  is  somewhat  off  design.  That  is.  for  high 
altitudes  for  which  the  external  heat  transfer  coefficient  is  lower,  a 
somewhat  larger  surface  area  would  result  in  less  total  equivalent  weight. 
In  the  assumed  configuration,  the  drop  in  heal  transfer  coefficient  roust 
of  course  be  compensated  for  by  an  increase  in  temperature  difference 

(Tr  -  TK). 
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FIGURE  19  TOTAL  EQUIVALENT  WEIGHT  VERSUS  MACH  NUMBER  FOR 
A  WATER  VAPOR  CYCLE  COOLING  SYSTEM  (TEc  •  IfcONP* 


FIGURE  <0  TOTAL  EQUIVALENT  WEIGHT  VERSUS  MACH  NUMBER  FOR 
A  WATER  VAPOR  CYCLE  COOLING  SYSTEM  (Tg,  ■  275*FJ 
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riCURE  41  TOTAL  EQUIVALENT  WEIGHT  VERSUS  ALTITUDE  FOR 

A  FREON  - 1 1  VAPOR  CYCLE  COOLING  SYSTEM  (Tj;,  ■  140*F)> 


FIGURE  4i  TOTAL  EQUIVALENT  WEIGHT  VERSUS  ALTITUDE  FOR 

A  FREON- U  VAPOR  CYCLE  COOLING  SYSTEM  (TEe  *  i75,Fj 
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FIGURE.  41  TOTAL.  EQUIVALENT  WEIGHT  VERSUS  ALTITUDE  FOR 

A  WATER  VAPOR  CYCLE  COOLING  SYSTEM  (TE,  *  lfcO*F) 


FIGURE  44  TOTAL  EQUIVALENT  WEIGHT  VERSUS  ALTITUDE  POR 
A  WATER  VAPOR  CYCLE  COOLING  SYSTEM  (TEe  . 
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FIGURE  44  COOLING  SYSTEM  OPERATING  LIMIT  FOR  GIVEN  TOTAL 
EQUIVALENT  WEIGHTS  FOR  A  FREON- U  VAPOR  CYCLE 
COOLING  SYSTEM  (TE#  »  iTS*F| 
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FIGURE  -4?  COOLING  SYSTEM  OPERATING*  LIMITS  FOR  GIVEN  TOTAL 

EQUIVALENT  '-WEIGHTS  FOR  A  WATER  VAPOR  CYCLE  COOLING 
SYSTEM  IT£e  »  lfcOTI 
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FIGURE  48  COOLING  SYSTEM  OPERATING  LIMITS  FOR  GIVEN  TOTAL 
EQUIVALENT  WEIGHTS  FOR  A  WATER  VAPOR  CYCLE 
COOLING  SYSTEM  (TE,  *  *7**F| 
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The  effect  of  optimizing  At  various  Surface  heat  transfer  coefficient* 
(essentially  at  different  altitude*)  i*  indicated  hy  t>n-  curve*  of  figure  39. 

All  curves  are  for  equal  total  equivalent  weight.  Fach  curve  is  for  a 
somewhat  different  system  (lesion  in  so  far  .it  condenser  area  and  tempera¬ 
ture  difference  is  concerned.  The  weight  line  at  the  right  (datfhed  line) 
represents  the  maximum  velocity  fur  which  a  system  of  the  giver,  total 
equivalent  weight  can  Cool  the  equipment  when  deaJg-ed  for  Optimum 
ope  ration  at  each  aUilu.lo.  The  system,  therefore,  involves  no  o/f-de*jgB 
operation  hut  does  not  represent  a  single  system  design. 

Vapor  cycle  systems  arc  particularly  attractive  as  unlimited -duration 
cooling  systems  for  equipment  in  which  the  h.-at  can  he  readily  transferred 
to  a  cold  plate  either  liy  conduction,  vaporization,  or  convection.  The 
systems  do  not  lend  themselves  readily  to  the  concept  of  individualized 
equipment  cooling. 


The  general  analysis  of  vapor  cycle  systems  was  made  assuming  a 
high  speed  lightweight  positive  displacement  rotary  com  .iecsor  of  the  type 
illustrated  in  figure  SO  (assuming  compressor  weight  as  given  by  equation  5-il 
However,  the  results  are  quite  representative  even  for  somewhat  heavier 
but  well  designed  reciprocating  compressors  illustrated  schematically  in 
figure  51  (assuming  the  compressor  weight  is  given  by  equation  53).  This 
anomaly  is  caused  by  the  fact  that  the  reciprocating  compressors  are 
usually  somewhat  more  efficient  than  the  rotary  type,  as  is  pointed  out 
in  the  discussion  of  compressors  in  section  V-C  of  this  report,  A  more 
efficient  compressor  results  in  a  lower  power  requirement  and  in  less  heat 
having  lobe  dissipated  by  the  condenser.  The  wriwM*  nt  »<•>•!*  ccrr.pcr.rr.t; 
and  the  horsepower  input  times  a  factor  cf  three,  for  a  10  kw  cooling  load 
and  an  equipmen  t  evil  temperature  ol  212*F  are  shown  in  figure  52  assuming 
a  positive  displacement  rotary  compressor  with  a  lolil  efficiency  of  65f* 
and  in  figuro  53  assuming  a  v<cll-dcsigned  reciprocating  compressor  with 
a  total  efficiency  of  80%, 

A  modification  of  the  basic  vapor  cycle  cooling  system  is  illustrated 
in  figure  35.  This  system  utilizes  an  intermediate  liquie - c ooled  condenser. 
A  surface  heat  exchanger  is  used  to  remove  the  heat  from  the  condenser 
cooling  liquid.  The  system  was  conceived  to  eliminate  the  need  for  a  high 
pressure  surface  condenser  and  the  long  high  pressure  lines  to  the  surface 
condenser.  At  the  higher  temperatures,  the  vapor  pressure  of  water  is 
quite  high  1680  psi  at  500  *F},  With  this  modification  of  the  basic  vapor 
cycle  cooling  System,  the  condenser  would  be  a  compact  liquid  cooled  unit 
located  very  near  the  compressor,  thuj  eliminating  the  need  for  long  high 
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FIGURE  49  EFFECT  OF  OFF-DESIGN  OPERATION  OF  A  WATER 
VAPOR  CYCLE  COOLING  SYSTEM 
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FIGURE  SI 


POSITIVE  DISPLACEMENT  HELICAL  TYPE  COMPRESSOR 


THREE  STAGE  RECIPROCATING  TYPE  COMPRESSOR 
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FIGURE  S4  WEIGHT  OK  INDIVIDUAL  COMPONENTS  OF  A  FREON  11 
VAPOR  CYCLE  COOLING  SYSTEM  USING  A  HELICAL 
TYPE  COMPRESSOR  JTEe  ■  2»Q’F) 
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pressure  line.’,  The  liquid  used  to  transport  the  heat  to  the  surface 
hvut  »*t)ufigef  w  c«dd  he  one  with  *  very  low  vapor  pressure  at  the 
high.- %  temperature*,  such  at  Dowltherm  A  whith  ha*  a  vapor  pressure 
of  about  15  P*ia  at  50Q  *K.  This  tr.oilifa'atian  of  the  t>a*ic  vapor  cycle 
cooling  system  entail*  an  additional  heat  exchanger  which  imposes  an 
additional  weight  and  also  a  temperature  drop,  The  tempo  nature  drop 
in  the  co>. denser  liquid  heat  exchanger  can  he  kept  small  because  of 
the  high  heat  transfer  coefficient*  that  apply.  Fur  the  tame  reason, 
the  *i;c  and  weight  of  the  unit  are  relatively  small.  The  unit  for  a 
typical  system  would  weigh  on  the  order  of  ten  povnds.  A  part  of  this 
weight  could  he  saved  through  the  use  of  a  lighter  surface  heat  exchanger 
which  is  made  possible  by  the  lower  pressures.  The  overall  system 
total  equivalent  weight  would  therefore  increase  by  5*,  or  less.  This 
modifit  ation  is  considered  practical  for  the  higher  temperature  w.-.ter 
vapor  cycle  applications, 

A  vapor  cycle  cooling  system  similar  to  the  type  assumed  in  the 
general  study  (figure  it)  but  with  a  ram  air  cooled  condenser  instead  of 
the  surface  condenser  is  illustrated  in  figure  9,  This  cooling  system 
is  very  similar  to  the  other  systems  in  so  far  as  the  heat  absorption, 
compression,  expansion,  ar.d  control*  are  concerned.  The  basic 
differences  in  the  condenser  result  in  somewhat  different  characteristics" 
that  require  an  analysis  to  determine  the  difference  in  the  effect  I,  The 
major  differences  are: 

1)  The  system  requires  ram  air  for  condenser  cooling,  Thi» 
requirement  entails  the  use  of  air  from  the  engine  inlet  or  a  separate 
inlet  diffuser  to  take  the  ram  air  onboard,  ducts  to  convey  the  air  to 
and  from  the  condenser,  and  an  exhaust  nog-ale  for  thrust  recovery. 

2)  f he  system  transfers  heat  to  air  taken  on  board  the  aircraft 
which  is  initially  at  the  total  ram  temperature.  The  air  temperature 
increases  as  the  heat  from  the  condenser  is  ?h«r>rb,;d.  The  condensing 
temperature  must  be  above  the  final  air  temperature, 

1)  The  system  will  impose  a  significant  momentum  drag  due  to 
taking  ram  air  on  board  the  aircraft. 

The  use  of  ram  air  for  cooling  and  the  drag  effect*  incurred  by  the 
use  of  ram  air  are  analyzed  in  section  VI  of  this  report.  Only  the 
directly  applicable  equation*  will  bc'prc3rnU-d  here.  The  amount  of  air 
that  must  be  taken  on  board  to  cool  the  condenser  is  dependent  on  the 
cotdin;;  load,  the  power  input,  the  compressor  and  motor  efficiencies, 
the  condenser  effectiveness,  and  the  condenser  ram  total  temperature. 
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The  run  airflow  can  bt  expressed  by  tb»  t^oaitca 


w4  •  5.95  Hw  fl  i  PI  S  (9*>i 

rK  <Th  *  rT>  \  J 

The  net  momentum  drag  that  will  be  imposed  on  the  aircraft  in  tha 
drag  associated  with  taVic.i,  the  air  on  board  minus  the  thrust  recovered 
when  (he  air  i*  exhausted,  That  drag  ia  given  by  the  equation 

Omom  *  M  -  ^'th'V^ne) 

For  auperc ritical  flow 

Pa  <  ®«  Fjh  *  54.  d«/0ne  h 
f*hc  \ 

For  suberitlcal  flow 

£a_  *0^8.  Fth»  78.8^  %  ,1 
Pne 

With  a  vapor  cycle  system,  there  ia  no  blower  or  compreaaor  in  the 
ram  air  ducts  and  consequently  the  amount  of  tbruat  that  can  be  recovered 
ia  Untiled  by  the  inlcl  pressure  ratio.  The  pressure  drops  through  the 
condenser  and  ducts  reduce  the  available  nozzle  pressure  ratio.  The  duct 
inlet  pressure  ratios  versus  Mach  number  are  plotted  in  figure  8 4 
assuming  a  supersonic  diffuser  with  85%  recovery.  The  weights  of  the 
rain  air  cooled  condenser  can  be  determined  by  reference  to  figure  81 
in  which  weights  of  boiler  heat  exchangers  are  given  in  terms  of  pressure 
drop,  effectivenes  s,  and  airflow  rates.  The  weights  of  a  rain  cooled 
condenser  would  be  comparable  provided  that  the  condensing  pressures 
are  not  excessive. 

The  momentum  dr.g  and  condenser  weight  will  decrease  as  the  ism 
air  now  decreases;  however,  the  condensing  temperature  rr.ust  then  be 
increased  to  dissipate  the  heat  which  in  turn  results  in  increased  power 
input  and  a  higher  equivalent  weight  for  (he  balance  of  the  system.  There¬ 
fore,  a  compromise  must  be  reached  to  obtain  an  optimum  cooling  system. 
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The  aw  of  »  run  klr  cooled  ccndtmrr  rriulU  In  ft  system  *M)  » 
lower  maximum  operating  limit  in  so  far  a*  Mach  number  it  concerned 
ard  a  cor. tide rably  greater  lota)  equivalent  weight  for  equivalent  flight 
condition*.  The  increase  In  total  equivalent  weight  (or  a  cooling  system 
with  a  ram  ai *  condenter  aa  compared  to  one  with  aurface  tondenaer  !• 
typically  from  ft  to  10%  depending  on  the  operating  conditions,  Tha 
Inc  reate  it  prima.ily  a  rctult  of  (  1)  the  increase  in  the  power  input  due 
to  the  Increased  cO'denter  temperature,  (21  the  momentum  drag  of  ram 
air,  and  (3)  the  weights  of  air  duett. 

The  advantage  oi  this  type  o (  system  it  that  it  does  not  require  tho 
rather  large  aircraft  surfaces  which  mutt  he  available  for  the  aurface 
ccndenser,  It  should  further  be  pointed  out  that  in  the  event  that  ft 
surface  condenter  caused  premature  transition  to  turb.dence.  a  signi¬ 
ficant  drag  vould  he  import'd  by  the  surface  condenser  which  ban  not 
been  included  in  the  present  study, 

A  cascaded  vapor  cycle  cooling  system  is  illustrated  in  figure  14, 

This  system  is  different  from  the  basic  system  being  considered  in  that 
the  heat  is  pumped  to  the  fin.il  sinh  temperature  in  two  steps.  The 
ayo’enp  actaully  involves  two  complete  vapor  cooling  cycles  with  the 
evaporator  of  the  high  temperature  stage  terving  as  the  heat  sink  for 
the  low  temperature  stage.  In  the  illustration,  a  eirgle  vapor  compressor 
is  indicated  with  the  low  pressure  stage  being  used  for  the  low  tempera¬ 
ture  cycle  and  the  second  compressor  stage  being  used  for  the  high 
temperature  cycle.  In  this  version,  the  same  refrigerant  would  he  used 
in  the  entire  system.  The  concept  could  also  be  used  with  separate 
compressors  and  different  refrigerants. 

This  type  ot  cooling  system  involves  a  temperature  drop  (relatively 
small  because  of  the  high  heat  transfer  coeffvceinls)  in  the  interstage 
condenser-evaporator  unit.  Because  of  this  temperature  drop,  the  system, 
should  not  be  considered  unless  the  Overall  temperature  difference  is  quite 
large  (about  100  *F  or  more).  The  system  docs  involve  considerable 
additional  mechanical  complexity  and  is  therefore  considered  practical 
only  for  applications  that  involve  high  power  inputs.  Thu  total  power  input 
for  a  cascade  cycle  is 

Ply  =  Pti  ♦  Pig  fl  +  PflJ  (88) 
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The  rondenK-r  temperature  of  the  first  stage  must  be  above  the 
r.jpuralor  trmpf  ralurr  of  the  second  stage.  A  detinue  advanugjc  ih 
terms  of  the  power  input  will  be  secured  fur  cycles  using  ;cl n^t' tanli 
that  are  sensitive  to  the  difference  between  the  “vaporator  aini  the 
condenser  temperature.  Thus  the  Freon*  It  systems  can  be  signifi¬ 
cantly  improved  by  means  of  a  cascade  cycle,  while-  the  water  vapor 
cycle  systems  will  show  only  a  slight  improvement*  Basically  any 
sapor  cooling  cycle  operating  between  temperatures  for  which  the 
power  input  is  reasonably  near  the  Carnot  value  will  show  little  improve- 
ment.  Improvement  in  the  cycle  power  input  is  limited  to  a  redaction 
in  the  deviation  from  the  Carnot  cycle  power  input.  The  Carnot  power 
input  is 


(P'tCarnot’  «M>  ' 

rv 

A  Freon- 11  cooling  nystem  with  an  evaporator  temperature  of  15Q*K 
and  a  condenser  temperature  of  15Q*F  would  require  a  power  input  of 
Q.&T  for  a  simple  cycle.  A  cascade  cycle  with  the  first  stage  working 
from  150*  to  2i>0'F  and  the  second  stage  from  140*  to  350  *K  would  have 
a  power  input  of  0,59,  a  power  saving  of  about  30°*,  It  is  interesting  to 
note  that  a  simple  water  cycle  for  the  same  conditions  (150*  to  15Q*FJ 
would  have  a  power  input  of  0,4b  or  about  dOrs  less  than  the  cascaded 
Freon- 11  cycle  and  47*s  less  than  the  simple  Freon- II  cycle,  Thr  water 
cooling  cycle  cascaded  in  the  same  manner  as  the  Freon-ll  cycle  would 
have  a  power  input  of  0,44,  a  power  saving  of  only  about  4'  as  com¬ 
pared  with  the  simple  water  cycle.  The  above  examples  bear  oat  the 
previous  observation  that  the  cascade  cycle  can  only  bring  the  power 
input  nearer  the  Carnot  value  which  in  this  case  is  0.328. 

The  absorption  viper  cycle  is  a  variation  ol  the  basi*  --pur  cooling 
cycle  quite  different  in  operation  from  the  compressor  vapor  cycle.  An 
absorption  vapor  cycle  cooling  system  is  shown  schematically  in  figure  55. 
Actual  design  wadd  involve  special  problems,  such  as  securing  a  stable 
unit  and  one  that  would  operate  satisfactorily  in  an  aircraft  application. 

The  absorption  vapor  cycle  has  not  been  analysed  in  detail  in  this  study, 
hi  this  cycle,  the  fluid  in  the  vapor  state  after  evaporation  is  dissolved  by 
a  solute  at  the  evaporation  pressure.  The  solution,  rich  in  refrigerant 
(in  the  liquid  state),  is  then  pumped  to  a  generator  at  the  r  a  -  -  c-r 
pressure.  The  refrigerant  is  changed  in  state  and  driven  out  of  solution 
by  the  addition  of  heat  and  eater*  the  Condenser  in  the  vapor  state.  The 
soiute  is  returned  to  the  absorber  after  the  re f r ig<: rant  is  driver,  off. 

The  absorption  cycle  thus  differs  from  the  compression  cycle  by  the 
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Surfac*  Condta«»r 


FIGURE  55  ABSORPTION  VAPOR  CYCLE  COOLING  SYSTEM 


substitution  o|  aa  tbtorb«r  and  generator  for  the  compressor  end  by 
the  uee  of  energy  in  the  form  of  heat  instead  of  mechanical  wort,  The 
cycte  alio  differs  in  that  there  are  additional  change*  of  state  from 
vapor  to  liquid  Ln  the  absorber  and  from  liquid  to  vapor  in  the  generator. 
Mean*  must  be  furnithed  to  pomp  the  liquid  from  the  to*  (evaporator) 
pressure  to  the  high  (condenser)  pre**ure  in  the  absorption  cycle.  The 
heat  energy  lor  the  absorption  cycle  mint  be  available  at  a  higher  tem« 
perature  than  the  operating  condenser  temperature.  The  fact  that  the 
vapor  undergoes  a  change  of  state  when  going  ir.lo  solution  indicate* 
that  the  heat  of  vaporization  must  he  added  in  the  generator;  con»equently, 
the  cooling  effect  cannot  be  greater  than  the  inerg/  input  even  for  tho 
ideal  case.  The  PI  will  be  greater  than  one.  As  pointed  out  in  the  pr«» 
viou*  discussion,  the  compression  cycle,  being  a  true  pumping  system, 
does  not  have  this  limitation.  The  PI  for  many  case*  it  much  less  than 
one.  An  inherent  advantage  of  the  absorption  cycle  is  the  elimination 
of  the  relatively  large  displacement  compressor.  The  absorption  cycle 
may  have  an  additional  advantage  if  the  necessary  heat  energy  is  more 
readily  available  or  involves  less  adverse  performance  effect*  than 
would  the  smaller  amount  of  mechanical  energy  necessary  to  operate 
a  compression  cycle.  The  practicality  of  an  absorption  cooling  system 
would  depend  on  the  finding  of  a  refrigerant  and  a  solute  with  the  necessary 
properties.  In  addition  to  the  refrigerant  properties  as  discussed  in  a 
previous  section  of  this  report,  the  refr  gerant  and  solute  must  have 
certain  special  properties.  Solubility  and  vapor  pressure  characteristics 
at  the  applicable  temperatures  would  be  a  prime  consideration.  Among 
the  possibilities  would  be  water  as  the  refrigerant  with  a  brine  solution 
I  the  solute.  The  weight  of  such  a  system  would  ha\e  to  be  carefully 
determined  as  this  would  likely  be  a  major  factor.  This  type  of  system 
is  mentioned  as  a  possibility  but  has  not  been  further  analyzed  in  this  study, 

F.  Conclusions  With  Regard  to  Vapor  Cycle  Cooling  System* 

1,  r r '-on-i!  Cooling  Systems 

The  following  conclusions  can  bo  drawn  from  the  analysis  of  vapor 
cycle  cooling  systems  using  Freon- 1 1, 

l)  The  svsterrs  using  Freon- 1  1  as  tho  refrigerant  arc  limited  to 
flight  at  a  Mach  m nr.be  r  of  about  2,2  and  2,0,  for  equipment  exit  tempera¬ 
tures  uf  2Tb*  ar.d  liO*F  respectively,  when  a  surface  type  condenser  is 
used,  Tho  use  of  a  ru-r.  air  cooled  condenser  would  result  in  a  limiting 
Mach  number  of  approximately  2.0  and  1,8  for  the  high  and  low  equipment 
tempo  ratures. 
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2)  The  tot*)  equivalent  weight*  arc  a  minimum  tor  flight  at  an 
altitude  ol  AO. 000  tect  increasing  roughly  (lily  pound*  tor  flight  at 
equal  Mach  number  and  70,000  feet.  This  is  primarily  due  to  (he 
dectease  In  the  heat  transfer  coefficient.  The  inrreaie  in  the  total 
equivalent  weight  at  the  lower  altitude*,  while  much  greater  due  to 
the  higher  temperatures,  is  probably  not  as  significant  since  It  i% 
reasonable  to  assume  that  actual  flight  velocities  would  he  at  lower 
Mach  numbers  at  the  lower  altitudes, 

i 

l)  The  total  equivalent  weight  is  a  little  more  than  twice  as  large 
for  equipment  exit  temperatures  of  IfcQ’F  ao  it  is  for  an  equipmeri 
exit  tempt rature  of  275*?, 

A)  The  total  equivalent  weight  can  be  reduced  somewhat  la  rather 
significant  amount  for  the  more  severe  conditions)  by  use  of  a  cascaded 
cycle  Iser  figure  36);  however,  greater  complexity  Is  involved  in  this 
type  of  system, 

5)  Vapor  cycle  systems  are  not  considered  suitable  for  individualized 
cooling  applications.  The  type  of  heat  transport  required,  discussed  in. 
section  IV,  imposes  *  relatively  minor  equivalent  weight, 

2.  Water  Vapor  Cycle  Cooling  System* 

The  application  of  water  as  the  refrige.-ant  will  result  Ui  -umerous 
advantages  over  the  more  standard  refrigerants;  among  the  major 
advantages  are 

I)  Systems  using  water  as  a  refrige  rant- can  operate  over  the  entire 
Mach  number -altitude  envelope  considered  in  this  study.  Systems  would 
be  designed  for  operating  up  to  Mach  number  in  the  range  of  2,8  to  1,0, 

2}  The  total  equivalent  weight  of  water  cycle  systems  is  considerably 
less  than  for  Freon  systems  for  Mach  numbers  above  1.8.  The  system 
equivalent  weight  increas-s  with  velocity  hut  at  a  much  lower  rate  ihan 
docs  the  Freon- 1 1  system, 

l)  The  total  equivalent  weight  is  somewhat  less  dependent  or.  altitude 
and  on  equipment  exit  temperature  than  is  the  Vreon  system. 
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4)  The  water  cycle  tytUiii  is  relatively  efficient  .is  ..  heat  pump 
lor  the  entire  range  of  condition*  considered,  i.r,,  the  power  input, 
while  diverging  sumewh  it  front  the  Carnot  value  (nee  figure-  )  follow* 
a  uniform  trend  and  is  at  a  very  reasonable  level  throughout  the  tem¬ 
perature  range  that  t*  of  interest  in  this  study.  In  fact,  water  is  ‘he 
only  fluid  noted  that  possesses  such  characteristic*. 

It  should  be  noted  that  the  use  of  water  does  entaii  several  problems 
that  require  attention  before  working  system*  can  lie  built.  It  is  believed 
that  the  problem*  a  re  of  a  nature  that  would  yield  to  a  moderate  practical 
engineering  effort.  Among  the  factor*  requiring  specific  attention  are 
the  following 

1)  Design  of  a  system  that  is  immune  to  freeze  damage  and  is 
self-thawing, 

2)  Design  of  a  compressor  suitable  for  compression  of  water  vapor, 

i)  Design  of  a  temperature  ccntrol  system- 

4)  Design  of  a  pressure  control  system. 

Given  the  necessary  engineering  effort  for  development  along  the 
lines  outlined  above,  the  water  vapor  cycle  cooling  system  could  well 
become  one  uf  the  better  equipment  coniine  systems  for  long  range, 
high  speed  aircraft. 


iVADC  TK  ib-lSl 


SECTION  V* 


AIR  CYCLE  COOLING  SYSTEMS 


A.  Basic  Consideration* 


Because  of  the  widespread  current  application  of  air  cycle 
principle*  to  cuoland  and  air  conditioning  systems  for  aircraft  and 
the  probability  that  air  cooling  concept*  will  continue  to  be  used  in 
many  further  aircraft,  careful  attention  ha*  been  directed  toward 
a  realistic  analysis  and  evaluation  of  air  cycle  equipment  cooling 
systems.  The  air  cycle  system  is  particularly  attractive  for  air* 
craft  equipped  with  turbojet  engine*  since  high  pressure  air  bled 
from  the  engine  compressor  is  a  convenient  source  of  air  for  the 
cycle.  It  is  important  to  note  in  this  r»  gard  that  many  new  engine* 
are  being  designed  for  operation  with  up  to  Vf»  compressor  bleed, 
principally  for  cabin  conditioning  and  pressurization,  All  .Tir  cycle 
systems  utilizing  compressor  bleed  air  function  essentially  a* 
follows:  The  bleed  air  is  first  prr -c ooled  in  one  tor  more)  heal 
exhangerfs)  and  then  further  cooled  by  passage  through  an  expansion 
turbine,  after  which  it  is  employed  either  direc'ly  or  indirectly  for 
cooling  of  equipment  aboard  the  aircraft.  Differences  among  the 
various  types  of  air  cycle  systems  result  from  dif'erent  arrange* 
ments  of  heat  exchangers  and  turbine,  together  with  other  system 
element*  such  ai  compressors  lor  blowers),  etc.  Specific  system* 
which  are  being  considered  in  this  study  are  described  and  discussed 
in  subsequent  sections. 

The  altitude -Mach  number  range  specified  for  the  cooling  system 
study  1a  shown  in  figure  1.  Curves  of  constant  ram  air  temperature 
are  shown  in  figure  1.  The  ram  air  temperature  is  one  of  the  funda¬ 
mental  independent  variables  of  the  air  cycle  system  analysis  since 
it  represents  the  tcmperalu.-e  level  of  the  most  readily  available 
thermal  sink  for  removal  of  beat  from  the  engine  bleed  air.  Another 
fundamental  system  variable  is  the  allowable  equipment,  exit  tempera¬ 
ture  (Tg;c)  which  for  this  stuciy  was  specified  in  the  range  from  IfcO* 
to  275  *F,  The  major  aim  of  the  present  st-idy  of  air  cycle  cooling 
systems  is  to  select  and  analyze  in  detail  some  of  the  typic  .!  *ir  -ycle 
cooling  systems,  for  the  specified  range  of  conditions,  in  order  to 
determine  the  relative  merit  of  these  selected  systems  and  to  compare 
them  with  other  types  of  cooling  systems.  Evaluation  criteria  for  the 
comparison  of  cooling  systems  are  discussed  in  section  111  of  this  report. 
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ft.  Component!  of  Air  Cycle  Cooling  Sy>ltni> 

Air  eyrie  cooling  systems,  in  general,  include  the  following  basic 
component*: 

11  Heat  exchanger*  are  uaed  to  transfer  heat  from  on#  fluid  in 
another,  normally  air  to  air  hut  for  lome  application*  air  to  liquid  heav 
exchanger*  are  needed.  > 

£)  Air  turbine*  are  uaed  to  reduce  the  temperature  o:  the  air  by 
extracting  mechanical  energy, 

1)  A  blower  or  a  comp  re s  » or  i*  used  to  provide  a  toad  on  the  nir 
turbine  and  to  build  up  air  pressure,  Thu  increase  In  available  energy 
can  be  utilized  be  exhausting  the  air  through  a  nozzle  thu*  providing  a 
thrust  recovery, 

4)  Air  duct*  are  needed  to  conduct  the  air  to  and  from  the  cooling 
system.  In  addition  to  the  above  basic  component*,  curtain  controls 
and  pressure  or  flow  regulating  unit*  arc  required  to  complete  the  system, 

1,  Heat  Exchanger*  for  Air  Cycle  Systems 

Ae  used  in  air  cycle  cooling  systems,  the  heat  exchanger  is  called 
upon  tc-  cool  a  quantity  of  hot  air  to  a  temperature  approaching  that  at 
an  available  thermal  sink.  Since  a  targe  part  of  the  cooling  in  an  air 
cycle  lystem  occurs  ir,  the  heat  exchangers,  it  is  usually  desirable  to 
employ  exchangers  will:  high  effectiveness.  However,  this  desirable 
characteristic  can  hi  obtained  only  at  the  expense  of  increased  size  and 
weight  of  the  exchanger  >r  by  increased  coolant  flow.  Thus,  the  selection 
of  a  hc.it  exchanger  for  ai  air  cycle  system  involves  a  compromise  between 
the  greater  cooling  achieved  with  high  effectiveness  and  the  increased 
sixe  ar.d  weight  of  the  exchanger  or  by  ire  reused  coolant  flow.  Thus,  the 
selection  of  a  heat  exchanger  for  an  air  cycle  system  involves  a  compro¬ 
mise  between  the  greater  cooling  achieved  with  high  effectiveness  and 
the  increased  weight  and  momentum  drag  which  this  entails.  This 
problem  is  discussed  in  the  following  pages. 

The  analysis  of  heat  exchanger  requirement*  car.  be  most  conveniently 
carried  out  in  two  distinct  strps  as  follows:  first,  determination  of  the 
required  heal  transfer  conductance  fur  specified  values  of  effectiveness 
ejj  and  flow  ratio  md,  second,  analysis  of  core  characteristics  to 

determine  the  size,  weight,  and  pressure  losses  for  an  exchanger  having 
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the  required  cooling  effectlveim**,  An  analysis  of  the  chnrecte  r  let  Ice 
of  specific  heat  exchangers  i»  pretented  in  appendix  f. 

The  literature  contain*  a  good  deal. of  information  relating  to  heal 
exchanger  effectiveness  to  the  conductance  tUA),  p.'.mary  flow  rata 
('*'!)•  coolant  flow  rate  (wj),  and  the  geometrical  ar>  angement  of  the 
exchanger.  Theoretically,  the  counterflow  arrangement  (dee  figure  5fca) 
afford*  the  highest  possible  effectiveness  for  given  values  of  UA,  vj  and 
wj,  Unfortunately,  advantages  of  this  arrangement  cannot  be  realized 
in  practice  because  of  the  difficulty  of  header  design.  The  crcss-flow 
arrangement  shown  in  figure  56b  eliminates  the  hcadering  problems 
associated  with  the  counterflow  exchanger  but  has  a  lower  effectiveness, 
other  thing*  being  equal.  The  heat  transfer  character »it;cs  of  the  cro»a- 
flow  heat  exchanger  were  firs*  determined  ty  Nussell  (reference  16), 
Nusselt's  work,  wit  based  on  the  following  assumptions; 

1)  The  overall  unit  conductance  (UA)  between  fluid  streams  is 
constant  over  the  heat  transfer  surface. 

£)  No  mixing  occur*  in  the  individual  fluid  streams;  at  a  local  point, 
heat  transfer  to  •«.  fluid  element  of  one  stream  occurs  only  by  direct  heal 
transfer  from  ths  other  stream, 

1)  The  respective  fluid  flow  rates  per  unit  passage  area  are  constant 
over  the  heat  transfer  surface. 

Nusselt’s  cross-flow  formulae  are  given  in  reference  14  in  an  improved 
form  more  satisfactory  for  calculation,  together  with  plotted  results  for 
use  in  engineerirg  calculations.  Cross-flow  heat  exchangers  of  higher 
effectiveness  cai  be  obtained  by  resorting  to  rr.ui'i-pats  arrangements 
as  shown  in  figure  56c.  Although  no  mathematically  exact  results  based 
upon  the  assumption*  of  Nussclt's  work  have  been  reported  for  the  multi¬ 
pass  cross-flow  exchanger,  simplified  methods  of  analysis  can  he  used 
in  most  cases.  One  such  method,  based  on  the  Nusaelt  cross-flow  factor, 
is  to  apply  the  cross-flow  results  to  successive  passe*,  assuming  complete 
mixing  of  the  cooled  and  coolant  fluid  between  passes.  The  fluid  being 
cooled,  which  males  several  passes  through  the  exchanger,  can  be 
considered  to  mix  thoroughly  in  the  turning  headers  between  passes;  how¬ 
ever,  these  is  no  physical  basis  for  the  assumption  that  the  cooland  mixes 
between  passes.  An  analysis  based  on  somewhat  different  assumptions 
was  carried  out  during  the  present  study.  Here  it  was  assumed  that  the 
(laid  being  cooled  is  maxed  as  it  flows  through  the  exchanger;  no  mixing 
being  assumed  for  the  coolant  fluid.  This  assumption  was  based  on  the 
observation  that  the  length  of  a  :-ingle  pu.s  imuually  several  times  its  width. 
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Typical  mulu  of  calculations  using  these  various  methods  of  analysis 
are  shown  in  figure  S7  for  ejj  «  0,  8  and  0,9.  Tho  rpaid  increase  in 
required  conductance  (UA)  with  increasing  effectiveness  and  decreasing 
flow  ratio  w a  /  w  b  is  apparent  regardless  of  the  method  of  analysis 
employed.  Comparison  of  the  multi-pass  results  for  »  0.8  indicates 
that  both  methods  of  calculation  agree  cjuite  closely  for  wa/wt>  greater 
than  I.S.  but  that  considerable  difference  exists  for  small  values  of 
flow  ratio  with  the  analysis  based  on  Nuoselt's  cross-flow  factor  leading 
to  lowei  required  conductance  factors  as  would  be  expected.  In  inter* 
preting  these  results,  it  is  important  to  bear  in  mind  the  assumptions 
made  in  each  case  and  the  degree  to  which  they  arc  satisfied  in  an  actual 
heat  exchanger.  It  is  Vnown,  for  example,  that  a  region  of  lowered 
conductance  exists  in  the  core  far  a  short  distance  before  the  entering 
flow  becomes  fully  turbulent.  This  is  particularly  true  of  heat  exchangers 
having  tubular  cores  (reference  17),  Thus  the  »•  induct  a  nee  for  the  final 
pas9  is  lowered  (since  the  coolant  enters  at  this  point)  and  the  effective¬ 
ness  would  also  he  reduced.  Furthermore,  the  local  overall  conductance 
is  dependent  to  a  significant  degree  upon  the  mean  temperature  of  the 
two  fluid  flows  and  consequently  varies  over  the  heat  transfer  surface 
(although  the  variation  would  probably  not  exceed  9-lGii).  The  extent  to 
which  heat  is  transferred  laterally  through  each  fluid  stream  either  by 
actual  mixing  of  the  turbulent  streams  (which  would  occur  in  flow  over 
the  tubes  in  a  tube  bundle  core)  or  by  metallic  conduction  (which  would 
occur  in  a  plate  and  fin  core)  would  also  exert  a  considerable  influence 
upon  the  heat  exchanger  effectiveness.  It  is  clear  that  alt  these  effects 
tend  to  reduce  the  exchanger  effectiveness,  Thisc  considerations  are 
especially  significant  in  the  case  of  unity  flow  ratio  (  w Af  wb  a  1.0)  for 
which  the  effects  of  imperfect  flow  conditions  are  greatly  magnified.  For 
this  reason,  it  is  believed  that  the  calculated  results  for  mixed  flow  of 
the  iluid  beirg  cooled  arc  probably  more  satisfactory  than  the  more 
idealised  analysis  based  on  Nusselt  cross-flow  factors.  By  using  the 
theoretical  results  for  double  and  triple  pass  exchangers  with  mixed 
conditi-xis  for  the  fluid  being  cooled,  conductance  factors  were  computed 
for  w A/ w»b  i  1.9.  These  results,  which  are  used  in  the  analysis  of  the 
regenerative  system,  are  plotted  in  figure  98, 

In  general,  the  heat  exchange*1  design  conditions  which  may  be 
regarded  as  independent  variables  are: 

1)  Heat  exchanger  effectiveness  efc 

2)  Respective  flow  rates  of  cooled  and  coolant  fluids,  wb  and  wa 

1)  The  allowable  pressure  losses  in  the  exchanger 
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rIGURE  REGENERAT  IVE  HEAT  EXCHANGER  PERK.»RMANC] 


For  &  given  type  of  corr,  »hv  atiovr  ronilitiuns  wilt  determine  the 
wri^U  and  tiar  of  the  heat  exchanger* 

For  applications  involving  moderate  temperatures  (under  fcGO*F), 
aluminum  heat  exchanger  cores  are  superior  to  stainless  steel  from 
the  standpoint  of  weight*  Because  «f  the  high  bleed  air  temperatures, 
an  aluminum  pre-cooler  is  not  applicable  fur  the  conditions  of  this 
study*  However,  an  aluminum  heat  exchanger  is  applicable  for  use  in 
the  regenerative  cycle  such  as  described  in  section  Vl-E.  The  initial 
cooling  of  the  bleed  ail  being  obtained  by  means  of  a  stainless  steel 
ram  air  heat  exchanger  or  pre-cooler,  subsequent  regenerative  cooling 
is  at  a  temperature  for  which  an  aluminum  core  is  suitable* 

The  eV aracteristics  and  weights  of  air  to  air,  liquid  to  air  and 
boiling  liquid  type  heat  exchangers  have  been  determined  by  the  methods 
outlined  in  appendix  l.  These  units  are  illustrated  in  figures  59*  51, 
and  tO,  respectively*  The  weights  of  ram  air  aluminum  and  stainless 
steel  heat  exchangers  divided  by  the  airflow  rate  is  plotted  versus  a 
pressure  drop  parameter  for  effectiveness  varying  from  0*50  to  0,‘iO 
in  figure  fcl.  The  weight  factor  versus  the  pressure  drop  parameter 
for  an  .aluminum  regenerative  heat  exchanger  is  plotted  in  figure  62. 

The  weight  of  boiler  heat  exchanges  divided  by  the  airflow  rate  is  plotted 
versus  a  pressure  drop  parameter  in  figure  fcl* 

2.  Expansion  Turbine 

In  order  to  carry  out  a  numerical  analysis  and  evaluation  of  the 
air  cycle  cooling  system,  it  is  necessary  to  know  ihe  bleed  air  tempera¬ 
ture  and  pressure  as  well  as  the  aircraft  performance  effect  due  to 
compressor  air  extraction.  The  regenerative  cooling  system  is 
inherently  well  adapted  to  equipment  cooling  for  supersonic  cruising 
conditions  at  M  s  2.0  or  above;  consequently,  engine  characteristics 
compatible  with  efficient  cruising  performance  at  supersonic  speeds 
were  assumed  in  the  analysis*  Lacking  detailed  information  on  super¬ 
sonic  turbojet  engines,  the  following  assumptions  were  made  regarding 
engine  performance  for  extended  supersonic  cruising  conditions. 

1)  Engine  inlet  pressure  recovery  based  upon  85%  diffuser 
efficiency  for  all  conditions* 

2)  Engine  compression  ratio  is  8,0  provided  the  compressor  dis¬ 
charge  temperature  does  not  exceed  1250  *R.  In  this  regime,  the  turbine 
inlet  temperature  is  assumed  to  be  approximately  double  the  compressor 
discharge  temperature* 
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riGURE  59  THREE-PASS,  AIR-TO-AIR  MEAT  EXCHANGER 


FIGURE  60  BOILER  HEAT  EXCHANGER 
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FIGURE  6 i  REGENERATIVE  HEAT  EXCHANGER  .'EIGHT  (ALUMINUM 
KXlENDEU-NUKr ACE  CORE) 
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FIGURE  b  1  WFIGUT  Ol*  A  BOILER  HEAT  EXCHANGER 


Mach  Number 

FIGURE  64  DUCT  INLET  PRESSURE  RATIO  VERSUS  MACK  NUMBER 
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1)  For  condition*  not  Cd««rr4  by  ilfm  2,  the  compressor 
discharge  Irn^rrMurt  i»  U'iO'R,  »ift  in  frijifti!  turbine  inlet 
temperature  oi  2^00 *R. 

4)  Tor  all  condition*,  the-  compressor  efficiency  is  tiiuii'.td 
to  be  the  turbine  efliciency  i»  assumed  to  be  89-fc, 

Of  course,  no  given  engine  would  operate  in  accordance  with  ihe »e 
conditions  over  a  side  range  oi  Mach  rummer;  however,  an  airplane 
dci-ii.r.cd  fir  extended  cruising  flight  at  high  speed  (e.g.,  M  •  2.0) 
to  lb*  tn  all  probability  be  fitted  with  *r.  engine  which  would  approach 
the  above  -peraling  conditions  at  tie  design  t  raising  speec,  The 
assumed  values  of  turbine  inlet  temperature  and  efficiency  are 
included  to  enable  e*t:;::ation  of  the  aircraft  performance  penalty 
due  to  compressor  air  extraction  which  it  discussed  below, 

VTitk  the  air  cycle  cooling  systems  being  considered  in  this  section 
of  this  report,  the  equipment  is  cooled  by  circulation  of  the  cooling  air 
through  the  equipment  compartment.  The  engine  bleed  uir  used  for 
cooling  is  first  cooled  by  a  ram  air  heat  exchanger,  discussed  in  the 
preceding  section  and  in  appendix  I.  The  final  cooling  is  secured  by 
means  of  an  air  turbine  which  cools  the  air  by  extraction  of  worfc  during 
expansion. 

Tire  amount  of  cooling  that  can  be  chta.r.ed  during  expansion 
depends  on  the  amount  of  worV  done  by  the  turbine  per  pound  of  air. 
That  vsorV  in  turn  is  dependent  on  the  pressure  or  expansion  ratio  and 
vki  the  turbine  ■.-fticicncy. 

The  turbine  exit  temperature  i:  giver,  by  the  equation 


The  turbine  inlet  temperature  is  dependent  on  the  engine  bleed 
.err.pe  nature .  the  pre-cooler  effectiveness,  and  the  ram  air  temperature, 

Tti  a  cb  T-j-  Ml  •  eb)  Tb  (91) 
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The  hot  exchanger  cffectivmf»»  can  bf  conildtred  n  a  design 
variable.  The  ram  air  temperatures  ( T-j-)  for  the  altitude-Mach  number 
range  of  interest  in  this  study  a-e  plotted  in  figure  65,  The  turbine 
blued  temperature  depends  on  the  ambient  conditions  and  on  the  engine 
compressor  characteristics.  Tie  variation  of  the  normalised  ambient 
temperature  (04)  and  the  normalized  ambient  pressure  (  4)  assumed 
for  this  study  arc  also  shown  in  figure  65, 

It  is  assumed  in  thU  study  that  1250 *R  is  the  maximum  compressor 
bleed  temperature.  The  normalised  compressor  bleed  temperature  (0\,) 
assumed  for  this  study  is  plotted  versus  Macn  number  for  various 
altitudes  In  figure  66, 

The  pressure  latio  available  for  expansion  across  the  turbine  is 
determined  by  the  blred  pressure,  the  pressure  losses  through  the  ducts 
and  the  heat  exchanger,  and  the  discharge  pressure. 

The  assumed  normalized  bleed  pressures  (  are  plotted  versus 
Mach  number  for  various  altitudes  in  figure  67.  If  it  is  assumed  that 
the  discharge  pressure  is  greater  than  ambient,  e.g.,  lo  the  aircraft 
cabin,  the  pressure  ratio  available  for  turbine  expansion  decreases 
rapidly  with  altitude.  The  ideal  pressure  ratios  (for  various  engine 
compression  ratios)  neglecting  duct  and  heat  exchanger  pressure  drops, 
are  plotted  versus  altitude  in  figure  68  assuming  a  discharge  pressure 
of  7,5  psi  above  ambient.  The  ideal  pressure  ratios  assuming  a  dis¬ 
charge  pressure  2,7  psi  above  ambient  are  plotted  in  figure  69.  These 
pressure  ratios,  together  with  the  ram  air  temperature,  impose  definite 
altitude  and  Mach  number  limitations  on  simple  air  cycle  cooling  system:. 

The  expansion  turbine  is  assumed  to  operate  at  pressure  ratios  up 
lo  6;  !,  Operation  at  greater  pressure  ratios  is  usually  accompanied  by  a 
reduced  efficiency. 

To  eliminate  the  possibility  of  icing  problems,  the  turbine  exit 
temperature  is  not  permitted  to  drop  below  J2*F. 

If  the  heat  exchanger  effectiveness  and  the  pressure  drop  for  the 
heat  exchanger  and  for  the  duct*  an-  d. .-fined,  the  turbine  exit  tempera¬ 
ture  can  be  readily  determined  by  equations  (90)  and  (91),  taking  account 
of  the  assumed  pressure  and  temperature  limitations  outlined  above. 
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FIGURE  U  VARIATION  OF  AMBIENT  PRESSURE  AND 
TEMPERATURE  WITH  ALTITUDE 


FIGURE  fcfc  BLEED  AIR  TEMPERATURE  RATIO  VERSUS 
MACH  NUMBER 
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BLaad  Air  Praaaura  Ratio 


FIGURE  ft?  BLEED  AIR  PRESSURE  RATIO  VERSUJS  MACH  HUMBER 
AND  ALTITUDE 
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FIGURE  68  IDEAL  PRESSURE  RATIO  VERSUS  FLIGHT  ALTITUDE 

WITH  A  DISCHARGE  PRESSURE  OF  »•!  ABOVE  AMBIENT 


FIGURE  68  IDEAL  PRESSURE  RATIO  VERSUS  FLIGHT  ALTITUDE 

WITH  A  DISCHARGE  PRESSURE  OFLI  R*i  ABOVE  AMBIENT 
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In  adilllloR  lo  dtl«rmiiullo«  of  thr  temperature*  UtM  cm  b* 

Atiined  with  an  air  turbine,  the  analysis  of  turbine*  for  air  cycle 
cooling  systems  require*  iHtonabl/  accurate  determination  of 
turbine  weights,  A  detailed  analysis  of  the  characteristics  of  tur¬ 
bines  of  the  type  used  for  air  Cycle  cooling  systems  indicates  that 
the  weight  of  such  units  (including  the  blower  discussed  below)  can 
be  very  closely  approximated  by  a  factor  times  the  airflow  rate. 

The  required  airflow  rate  is  dependent  on  the  cooling  load  and  the 
temperature  difference, 

"b  *  Jv9S_kw _  (9-2) 

TEe  *  tE» 

A  good  approximation  to  the  turbine  weight  is  given  by  the  empirical 
equation 

'v'l  *  24  (93) 

ft  can  be  reasonably  assumed  that  the  turbine  and  blower  weight 
will  not  be  less  than  tight  pounds,  consequently,  eight  pounds  is  taken 
as  a  minimum  weight  and  is  used  for  ail  cases  where  wj,  0.133  Lbs/sec. 

1,  Blowers  and  Compressors  a 

The  taking  of  ram  air  on  hoard  an  aircraft  for  heat  exchanger  cooling 
involves  a  momentum  drag  due  to  the  reduction  in  the  air  velocity.  Part 
of  that  drag  can  be  recovered  by  discharging  the  air  through  a  thrust 
recovery  nossle,  A  btower  is  usually  utilized  to  increase  the  pressure 
of  the  ram  air  before  discharge  thus  increasing  the  thrust  recovery  factor. 
1  he  blower  also  serves  as  a  load  for  the  expansion  turbine. 

The  drag  due  to  taking  air  on  board  the  aircraft  is  given  by 

D  s  wa  (H.7T3I  Ml  (94) 

The  thrust  recovery  is  dependent  on  the  nozzle  pressure  ratio, 
the  temperature,  and  the  nozzle  efficiency;  for  supercritical  nozzle 
flow  (pa/pne  Q,S£»). 

-  0.788  (95) 

Pn.7 


T  *  *a  H.4  In*  s£T. 
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Tor  iubcritlcat  nml*  fl»* 


r  -  w,  ?#.»  v$T*  jT 


U£ 


The  net  momentum  drag  l*  then 


■•mom  a 
Where  for  supercritical  flow 

*\h 


5*4,7  ^  M  -  V9g| 


■  S4.4  A  -  0.783  pa\ 

v  H 


when  p.x/pne  S  0.5i8 
For  subcritical  flow 
Fth 


—  ['Ml 


l/t 


when  pa/p„e  >  0.  S28, 


t<m 


In  noil  air  cycle  systems  a  blower  or  compre  isor  is  used  to 
provide  a  load  on  the  air  turhine  sod  to  increase  the  pressure  and  tem¬ 
perature  of  the  air  before  it  is  exhausted.  From  the  above  equations,  it 
is  apparent  that  the  thrust  recovery  may  he  Improved  by  increasing  the 
pressure,  by  increasing  the  temperature,  by  keeping  the  pressure 
losses  al  a  minimum,  and  by  using  an  efficient  nossle. 


In  most  air  cycle  cooling  systems,  a  blower  or  compressor  is  used 
to  provile  a  load  for  the  air  turbine  and  to  increase  the  pressure  and 
temperature  upstream  from  the  exhaust  nozzle  thus  increasing  the  thrust 
recovery. 


The  pressure  ratiu  for  a  blower  cf  conventional  dec-rn  <-^a  be  assume 
to  be  about  1.  1,  The  rise  in  temperature  is  determined  by  the  decrease 
obtained  with  the  turbine.  The  pressure  ratio  for  a  compressor  can  be 
expressed  in  terms  of  the  adiabatic  comprrssor  efficiency  and  inlet  and 
exit  temperatures  by  the  equation 

»  \  9ciV* *  m) 
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■Hit  lempcr^Urv  increase  prwiucfd  by  the  tfimprci^or  i»  n*Ufctd 
to  the  cooling  produced  by  the  expansion  turbine,  neglecting  mechanical 
losses. 

Afc  ■  A®t  1**1 

wc 

The  nozzle  exit  temp*  raiure  cin  be  defined  by 

One  *  tr  v£ia<&b  '  9j\  * &9C  1 100) 

C 

The  net  drag  associated  with  the  ram  air  can  be  determined  by  mean* 
of  the  applicable  equations  at  outlined  above, 

4,  Air  Duett 

As  pointed  out  in  the  discussion  on  expansion  turbine#,  the  tempers'* 
tore  drop  that  can  be  obtained  by  expansion  threug'.  an  air  turbine  it 
decreatcd  by  pretture  losses  in  the  duett  and  heal  exchangers.  The  lower 
such  pressure  losses  are,  the. higher  the  pretture  ratio  available  for  the 
twrhinc  cooling.  However,  a  decrease  in  pretture  drops  entails  an 
increase  in  size  and  weights  of  ducts  and  heat  exchangers  (in  the  case  of 
heat  exchangers,  very  low  pressure  drops  are  also  associated  with  low 
heal  transfer  coefficient  s  which  are  of  course  undesirable).  Hctl 
exchanger  design  it  discussed  in  section 

This  section  will  be  limited  to  a  cot  t, deration  of  the  ducts;  however,  tht 
effects  on  all  components  and  overall  system  performance  must  be  borne 
in  mind  at  all  times.  Because  of  the  interaction  of  the  effecta,  a  com¬ 
promise  must  be  reached.  Mathematical  optimization,  however,  is  not 
deemed  practical.  In  lieu  of  a  very  complex  optimization  analysis,  which 
cculd  not  in  practice  be  rigorous,  an  engineering  approach  has  been  used 
in  this  study.  The  size  and  weights  of  the  ducts  are  defined  in  terms  of 
an  allow-.Me  pressure  diop,  which  is  selected  on  the  basis  of  system 
operating  requirements. 

^•0.iFdt|»Ui2i'M  (>0»> 

pT  * 

The  rrquired  duct  diameter  is  then 

d  -  /o.s  ydl  j  w‘.*#  pA0,20*  (102) 

l  apj 


l  <51 
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In  equation*  (101)  anil  (102)  the  bilar  ijj  it  an  adjustment  factor 
to  account  approximately  f or  increased  losses  in  the  inlet  region  of 
the  duct  and  oth r r  !omc«,  r  ,  g .  ,  il  i (fu  ir  r  loisi‘1  ;•  She  ?  'r  irrc  to  a 
heal  exchanger.  The  factor  f*jt  varies  from  one,  for  fully  dr  .duped 
flow,  to  approximately  2,S  for  relatively  high  losses. 

The  weight  of  the  duct*  can  he  determined  from  the  length  and 
weight  per  foot  ior  the  required  size  with  an  allowance  for  the  neces¬ 
sary  fitting*.  The  weight  of  representative  ducts  can  he  expressed 
bv  the  equation 

Wj,  s  O.liiiJ  (101) 

The  inlet  pressure  to  a  ram  air  dint  from  a  supersonic  diffuser 
with  in  8  S’!.  recovery  can  he  determined  by  mean*  of  figure  64. 

c.  Effects  of  Engine  Hompre  ssor  Bleed 

The  air  cycle  cooling  systems  considered  in  this  study  utilize  bleed 
air  from  the  engine  compressor  as  the  cooling  fluid.  The  amount  of  air 
that  is  required  will  depend  on  the  equipment  inlet  and  exit  temperature* 

The  exit  temperature  is  considered  an  independent  design  factor,  Tho 
equipment  inlet  temperature  is  then  determined  by  the  heat  exchanger 
effectiveness,  turbine  pressure  ratio,  and  turbine  efficiency,  These 
factors  vary  with  system  design  and  with  flight  conditions.  The  amount 
of  ram  air  required  and  its  effect  is  discussed  along  with  the  consideration 
of  air  ducts. 

A  comparison  of  systems  that  Impose  varying  air  bleed  and,  further, 
a  comparison  of  such  systems  with  systems  that  do  not  utilise  any  bleed 
air,  requires  the  determination  of  the  effect  of  that  bleed  on  the  engine 
thrust.  An  equivalent  weight  can  then  be  determined  by  the  application  of 
a  translation  factor  as  discussed  in  section  UI. 

The  effect  of  bleeding  air  from  an  engine  eompressor  can  be  considered 
in  two  somewhat  different  ways; 

1)  The  engine  compressor  is  basically  designed  for  adequate  air  bleed 
so  that  any  air  that  is  bled  would  not  be  considered  a#  potentially  available 
for  burning  of  fuel  and  the  production  of  engine  thrust;  or 

2)  the  a.! r  bled  would  otherwise  be  mixed  with  fuel  which  could  then 
burn  and  produce  thrust. 
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The  first  viewpoint  hu  been  choirn  end  used  in  thin  antlytit, 

With  this  assumption,  the  extraction  of  bleed  air  rtMilti  ir.  a  dec  rent* 
in  engine  thrust  from  (fj  a  rnome-iluni  drag  associated  with  tatting  the 
air  on  board  the  aircraft  and  (2)  the  energy  required  to  compress 
the  bleed  air  in  tha  engine  eotr.prettnr,  The  c empire- (ft 'on  of  the  air 
alto  result*  in  an  increase  in  the  specific  fuel  consumption  in  as  much 
a»  the  energy  expended  in  comprrssmg  the  bleed  air  is  not  available 
for  thruat. 

The  alternate  assumption,  that  the  bleed  air  would  have  been  used 
in  burning  fuel  and  generating  thruit,  would  result  in  a  slightly  greater 
significance  being  assigned  to  air  bleed  because  of  the  reduction  in  net 
thrust, 

Assur  ing  that  the  engine  compressor  is  basically  designed  fur 
adequate  ,  ed,  the  effects  have  been  analyzed  by  employing  the  pro* 
cedurc  of  reference  18, 


The  gross  thrust  of  the  engine  working  fluid  is  approximately 


is  the  ratio  of  the  enthalpy  increase  through  the  compressor  to  the 
enthalpy  decrease  through  the  exhaust  nozzle  evaluated  at  zero  air 
Meed,  The  gross  thrust  change  is  approximately  _ 

Arr-  i  w|,  MhC\  <tov, 

C'd*!,  a  Q  WT  {  £5hn)  wb  »  0 
The  change  in  nut  thrust  is  then 


(  1  N)wb  =0  "  T  l  Iw'b  »  0 

The  specific  fuel  consumption  is 

skc  *  isKC)„b  =  0  TT^Tiprn 

A  1  ^  N  wb  ■  0 


{ 10*  > 


HOT) 
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The  net  penalty  for  the  uorVin^  fluid  in  terms  of  thru*!  reduction  can 
now  be  determined  by  adding  the  above  fractional  effects  and  multiplying 
through  by  the  net  thrust  (T|e).  (The  actual  thrust  change  due  to  font- 
pressing  the  bleed  air  is  negative.) 

£Tn  *  lr N  TG  Ahc  \  (100) 

yv,"  l  ’ffi  ■'AKny  »  0 

The  term  Tf^/W'j  :*  the  specific  thrust.  The  momentum  drag 
associated  with  tailing  the  bleed  air  on  board  the  \ircraft  is 

D«  M.7wuMs/SC  (110) 


The  total  change  in  thrust  due  to  engine  bleed  is  then 

AThT  »  whfl4.7M^  »/tn  Tg  Ahc\  *1  illl) 
l  \"T  *N  J 

*  >*1.  fth-h  mu) 


This  negative  thrust  effect  can  be  treated  as  a  drag  and  an  equivalent 
wiegn.  ‘-fermined  by  the  methods  outlined  in  section  III.  The  first 
term  in  the  rhove  expression  for  f^tb-b  corresponds  to  the  momentum 
drag  caused  by  taking  the  bleed  air  aboard  the  aircraft,  while  the  second 
accounts  for  ihc  direct  effects  of  thrust  loss  and  increased  specific  fuel 
c or. s urn p t ion  resulting  from  compression  of  the  bleed  air  in  the  engine. 

In  equation  (111),  the  factor  '^nf^X  is  the  engine  specific  thrust,  Tq/Tn 
is  the  ratio  of  gross  thrust  to  net  thrust,  and  b^/  hn  is  the  ratio  of  the 
enthalpy  increase  across  the  compressor  to  the  enthalpy  decrease  in  the 
exhaust  nozzle,  each  of  these  factors  being  evaluated  for  zero  compressor 
bleed.  Numerical  evaluation  of  the  compressor  bleed  penalty  factor 
*\h-b  carried  out  by  using  charts  supplied  in  reference  18  together 
with  the  assumed  turbojet  operating  conditions  given  previously.  The 
results  disclosed  that  was  substantially  constant  over  the  range  of 

flight  conditions  involved  in  this  study,  thus,  it  was  assumed  that 


*' th  h  3  »*>. 


iml*  perdi-nt  o*  M*\ch  niurber  an<*  altitude.  (  Vhv  iiiu.-  imuni  deviation  from 
llie  a>jO •  »;  valu*?  n  the  computed  rvHulti  w«is  under  •i'f* . ) 
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I'he  simple  air  cytlr  cooling  system  is  illuiiT»lt<l  schematically 
in  figure  TO,  In  ihix  system,  engine  bleed  air  (the  cooliap  fluid)  is 
cooled  init'.iliy  bv  passage  through  k  bleed  air  to  ram  air  heat  exchanger. 
The  Herd  air  is  then  further  cooled  by  expansion  through  an  air  tuiSme 
which  extracts  energy  in  the  form  of  ?m-,haaicai  work,  The  engine 
bleed  air  is  than  used  for  direct  cooling  of  the  equipment,  The  turbine 
shaft  power  is  used  to  drive  a  blower  or  compressor  which  increases 
the  pre t, cur.-  of  .he  ram  air  b«  lore  it  is  expelled  overboard.  The  ram 
air  is  discharged  through  a  north  destined  to  produce  thrust  and  thus 
recover  drag  incit*rec  when  taking  the  ram  air  on  heard.  The  simple 
air  cycle  has  been  analyzed  for  the  following  conditions: 


TEt.  «  27S  *K 
M  a  I  *  i 


H  *  0-70,000  feel 
kw  a  10  kilowatts 


equipment  exit  temperature 
flight  velocity 
altitude 
cooling  load 


The  assumed  ambient  and  engine  bleed  pressures  and  temperatures  are 
indicated  in  figures  C5,  bt>,  and  f>7,  Othe r  assumptions  are  indicated 
below.  The  effects  of  the  various  factors  were  investigated.  The 
assumptions  as  listed  below  are  considered  reasonable  and  result  in 
approxiinatt  ly  the  optimum  values. 

The  amount  of  air  (w^)  that  rniiii  be  bled  from  the  engine  con. pressor 
is  dependert  on  the  cooling  load  and  the  difference  between  the  equipment 
inlet  temperature  (Tgi)  and  the  equipment  exit  temperature  |Tgt),  The 
bleed  rate  is  expressed  by  equation  |92),  The  equipment  inlet  temperature 
is  equal  to  th*  turbine  exit  temperature  (T^i  which  in  turn  is  determined 
by  the  turbine  pressure  ratio  <ft)  and  its  efficiency  (  The  turbine 

exit  tt‘nip*ra!ur«?  is  given  by  i-qiuUion  (^0), 


Combining  equations  (*?C)  and  ^9')  and  dividing  through  by  Tj-e 

*  _ _ 

1  -  Tn 

The  turbine  inlet  temperature  is  dependent  on  the  compressor  bleed 
temperature,  the  total  ram  temperature,  and  the  effectiveness  of  the 
heat  exchanger.  That  temperature  is  given  by  equation  (*>1). 


f.dMiw/TKe 

i  -  ^  i  > 


-rurm 


1 


(112) 
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FIGURE  70  SIMPLE  AJXK  CYCLE  COOLING  SYSTEM 


FIGURE  71  COMBINATION  AIR  CYCLE  AND  EXPENDABLE 
COOLANT  SYSTEM 

Ufc 
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Tb«  heat  exchanger  dlcctlventti  *•  assumed  U  »  ®.*5  except 
(or  those  uict  at  high  altitude*  where  the  turbine  pressure  ratio  ( rt)  it 
email.  The  effectiveness  ie  reduced  uo  ‘.hat  w b/lcjn  ^oe»  not  drop 
below  1,5,  Thie  assumption  Is  to  assure  turbulent  air  flow  in  the  heat 
exchanger.  The  (low  ratio  (£)  is  taken  as  1.5  (or  alt  cates.  The  pressure 
drop  parameter  (  tb>  *•  taker,  as 


\  *  iLiaa 

»v 

(or  0. 15b 

im) 

♦b-Jui 

To7a 

for  0.  15b 

(11 Ja) 

where  ■  flp  *  r*,  (®b  '  ^j) 

X 

OH) 

The  preisurc  drop  of  the  cooling 

air  it 

• 

ao  *  0.00  £4 

TP  *i* 

for  8jS  0.  15b 

(115) 

£p  «  0,  10 

Pi 

for  >  j  >0, 15b 

( 1 15a) 

To  preclude  icing  problems,  the  turbine  outlet  temperature  is  not  allowed 
to  drop  below  ii’t  .  This  is  done  by  maintaining  the  bleed  air  rate  at  a 
minimum  value  such  that,  with  the  given  equipment  exit  temperature,  the 
turbine  exit  will  not  be  below  il  *f", 

T»  ■  Tpj  «  TE,  .  l.qShw  >  »'F  (lib) 

wa 

The  ducts  from  engine  to  heat  exchanger  and  from  turbine  to  equipment 
are  assumed  to  bo  10  feet  long  and  are  analysed  in  section  Vl-B.  The  duct 
pressure  drop  parameter  is  assumed  to  be  ■  0.02  (of  each  duct.  The 
required  diameter  is  given  ay  equation  (102),  The  assumed  value  of  the 
factor  F(jl  is  2  for  the  duel  from  engine  to  heat  exchanger  to  allow  for 
losses  at  the  heal  exchanger  inlet,  b'dl  *  1  for  the  duct  from  the  turbine 
to  the  equipment. 

The  turbine  pressure  ratic  is  defined  in  terms  of  the  "ideal"  pressure 
ratio  (rQ)  with  the  discharge  pressure  maintained  at  t  psi  above  ambient. 
Then 
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For  those  cases  where  r0>b„  the  itttiul  turbine  pressure  ratio  it  assumed 
to  be  maintained  at  t  in  thia  analyst*,  When  r0<  b,  the  turbine  (treasure 
ratio  is  assumed  to  its 


where  is  given  by  equation  (114)  and 


(118) 


$ 3  ■  db 


•  9-r) 


til?) 


The  turbine  and  Mower  weight  is  given  by  equation  t?l)  for  0,  331. 
For  wjj  <0.  Ill,  the  turbine  and  blower  weight  assumed  to  he  »  pounds. 

The  ram  air  duct  is  assumed  to  be  12  feet  long  with  a  pressure  drop 
of  0,0%,  The  factor  Fjjt  for  this  duct  is  assumed  to  be  2,%  is  itlou  for 
diffuser  exit  and  heat  exchanger  inlet  tosses. 

The  effects  of  compressor  bleed  were  analyzed  as  discussed  in  section 
In  final  calculations,  the  bleed  facto*  is  Ffc  »  120, 

Ram  air  mcirtt  rr.uin  drag  is  determined  according  to  equation  (*>7). 

The  blower  pressure  ratio  is  assumed  to  be  l,  1,  The  nozzle  exit  tempera¬ 
ture  is  given  by  equation  (100), 

l.  Results  o(  the  Analysis  of  Shrple  Mr  Cycle  Cooling  Systc m a 

Thu  total  equivalent  weights  for  the  simple  air  cycle  cooling  systems 
are  plotted  versus  Mach  number  for  various  altitudes  in  figure  72  for  a 
drag  translation  factor  f  ■  2  and  in  figure  7)  for  a  drag  translation  factor 
f  *  3,  The  total  equivalent  weight  versus  altilide  is  shown  in  figures  74 
and  7%,  The  operating  limits  for  a  simple  air  cycle  cooling  system  of 
various  total  equivalent  weights  a.  t  shown  on  the  altitude  and  Mach  number 
envelope  in  figures  7b  ar.d  77, 


A  ADC  lR5t-J51 


128 


Tctnl  Equivalent  Weight,  lb* 


FIGURE  «  TOTAL  EQUIVALENT  WEIGHT  VERSUS  MACH  NVMBEK 
OF  A  SIMPLE  AIR  CYCLE  COOLING  SYSTEM  (f  2) 


FIGURE  TJ  TOTAL  EQUIVALENT  WEIGHT  VERSUS  MACH  NUMBER 
OF  A  SIMPLE  AIR  Cr  UE  COOLING  SYSTEM  ft  l| 
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FIGURE  7A  TOTAL  EQUIVALENT  WEIGHT  VERSUS  ALTITUDE  OF  A 
SIMPLE  AIR  CYCLE  COOLING  SYSTEM  If  * 


FIGURE  75  TOTAL  EQUIVALENT  'A' EIGHT  VERSUS  ALTITUDE  OK  A 
SIMPLE  AIR  CYCLE  COOLING  >  YSTEM  (f  .  1) 
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COOLIN' 

TOT'.L 

COOLING 
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\TLN*G  LIMITS  FOR  A  GIVKN 
IIGHT  FOR  A  SIMPl.t;  AIR  cycle 


Mach  Number 

FIGURE  77  COOLING  SYSTEM  OPERATING  LIMITS  FOR 
TOTAL  EQUIVALENT  WEIGHT  FOR  A  SIM  PL 
COOLING  SYSTEM  (1=2). 
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i»  -•  Tusionx  WttK  Regard  to  Simiilc  Air  Cytl*  Cooling  Systems 


The  i.  ...wing  conclusions  can  he  drawn  from  the  analysis  of  simple 
*r  cycb  -  ling  systems: 

I)  ’•  I  -  •ystein  impose*  a  rrasonabu*  equivalent  to*'l  f-n 

peratiu-  i  ;l i^Kt  speeds  up  to  Mach  t  at  40,000  feet  attitude.  \t 
'gher  at  d  .  wc  r  altitudes,  the  flight  velocity  for  equal  equivalent 
eight  tr.  i  *e  reduced  primarily  because  of  low  air  density  at  high 
ltitudcs  a  *  because  of  high  ram  temperatures  at  lower  altitudes, 

1  i-  ; /stem  is  very  well  suited  to  coolinj;  equipment  that  presents 
arying  i.  r.  raturc  requirements  and  for  that  reason  is  not  directly 
omparat  !.  vapor  cycle  systems  with  an  equal  equipment  exit  tempera¬ 
nce.  It  cresting  to  note  that  for  typical  air  cycle  systems  the 

verage  t  t-  •  .rature  of  the  air  in  the  equipment  with  as.  exit  temperature 
kf  ^7p*F  .s  ’  * ,  ut  15^*F\  very  nearly  equal  to  the  average  temperature 
or  a  vapt  r  le  system  with  an  equipment  exit  temperature  of  KO*F, 

1)  Tl  t  -stern  is  inherently  well  adapted  for  cabin  cooling.  The 

•  ame  sy-st  •«  ould  be  used  for  both  if  of  adequate  capacity* 

4)  Th  •  :*1  equivalent  weights  increase  \ery  rapidly  for  flight 

velocities  *  •  —  Mach  i  or  for  flight  at  altitude.,  ah  eve  fcO.flOQ  feel, 

which  are  «;  jximatety  upper  limits  for  this  type  of  cooling  system, 

5)  Sir  p.  air  cycle  cooling  systems  have  heen  highly  dev. -loped  and 
are  widely  u  ■  in  present  aircraft, 

F. .  K»-gen<  r  -e  Air  Cycle  Cooling  Systems 

1 ,  B.v  i-  .  onside  rations 

The  sir  i  •  air  cycle  cooling  system,  considered  in  the  preceding 
section,  w.iS  »  ’  to  impose  a  severe  aircraft  performance  penalty  for 

supersonic  1  -  .conditions.  The  rapid  deterioration  in  performance 
of  the  air  c  v  •  cooling  system  with  increasing  speed,  typified  by  figure 
71,  can  be  1  .  *.y  overcome  through  application  of  the  principle  of 

regene  ratio-  ,  >.e  regenerative  cooling  system  is  shown  schematically 

in  figure  7H  e  system  in  its  haste  form  does  not  include  the  pre* 
cooler.  7"h>  •  element  of  the  system  is  the  regenerative  heat  exchanger, 
which  serve  tool  the  ho>  compressor  bleed  air  b*  fore  it  enters  the 
expansion  tvrl  .  •  where  further  cooling  takes  place.  Since  the  air 
flowing  back  »•  ugh  the  rcgeiwtator  tor  cooling  the  incoming  bleed  air 
ts  .;c»  essari  >  •  >ler  than  the  maximum  allowable  equipment  exit 

m 
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tempe ralu re  lo  hi*  from  160*  lo  £?S*F  in  this  study*, 

it  t»  evident  that  a  turbine  inlet  temperature  approaching  Tge  can  be 
achieved  will)  the  regenerative  configuration,  Because  of  the  extremely 
high  comp  Tensor  bleed  air  temperatures  encountered  in  supersonic 
flight,  the  basic  regenerative  system  (which  duet  not  include  the  pre- 
cooler)  requires  an  excessively  heavy  and  bulky  heat  exchanger.  This 
difficulty  is  alleviated  with  the  modified  regenerative  system  shown  in 
the  illustration.  With  this  arrangement,  the  hot  compressor  bleed  air 
is  p  re  -  c  ooled  by  rant  air  before  entering  the  regenerative  exchanger. 

This  enables  a  considerable  reduction  in  the  si/.e  and  weight  of  the 
regenerative  exchanger  for  two  reasons:  first,  the  required  effective¬ 
ness  is  reduced  for  a  given  turbine  inlet  teu.pe  vaturc  ar.d,  .second,  ar. 
aluminum  alloy  extended  surface  construction  is  feasible  because  of  the 
reduced  inlet  temperature.  Ram  air  required  for  cooling  cart  lo  con¬ 
veniently  obtained  from  the  engine  inlet.  The  relatively  high  inlet 
pressure  recovery  possible  with  thi3  arrangement  permits  a  high  degree 
of  thrust  recovery  at  supersonic  speeds,  thus  keeping  the  drag  produced 
by  the  cooling  airflow  to  a  minimum.  Similarly,  the  penalty  resulting 
from  using  compressor  bleed  air  for  indirect  cooling  can  also  be  reduced 
by  thrust  recovery  when  the  bleed  air  is  discharged  from  the  aircraft. 

In  the  form  shown  in  figure  78,  the  regenerative  cooling  system 
utilizes  a  circulating  transfer  fluid  to  convey  heal  rejected  by  the 
equipment  being  cooled  to  the  intermediate  heat  exchanger,  where  it 
is  carried  away  by  the  cool  air  leaving  the  turbine,  An  indirect  cooling 
system  of  this  type  is  well  adapted  to  the  centralized  cooling  system 
concept  since  the  weight,  size,  and  power  requirements  for  the  transfer 
system  are  relatively  small.  This  is  especially  true  of  the  regenerative 
cooling  system  because  of  the  low  fluid  circulation  rate  required  as  a 
result  of  the  low  temperature  n*  the  transfer  fluid  leaving  the  inter- 
mcdiaW  exchanger  (because  of  the  small  surface  area  of  the  distribution 
lines,  heating  of  the  transfer  fluid  on  route  to  the  equipment  component 
i»  not  significant). 

Formal  methods  for  analyzing  the  performance  of  the  regenerative 
cooling  system  are  presented  and  discussed  in  the  next  section. 

'I he  principle  of  regeneration  can  be  applied  to  the  air  cycle  cooling 
system  in  various  ways  other  than  the  application  considered  in  detail 
herein.  An  exhaustive  study  of  the  various  embodiments  of  the  regenerative 
air  cycle  system  is  beyond  the  scope  of  tins  report.  The  intent  of  the 
following  analysis  is  to  indicate  the  potential  possibilities  of  the  regenerative 
air  cycle  principles  as  applied  to  a  specific  cooling  system  configuration. 


US 
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£.  Method  of  Analysis  and  Ahii^ti 5 2 or. * 

The  analytical  procedure  used  for  *i*  U-  nv.inmg  the  chiMv  Irriitio 
and  aircraft  pc  rfonnance  ••Ifecl*  of  the  m.i  iterative  cooling  system 
shown  in  figure  78  it  p  iVH.uited  in  the  foil  jwing  pages.  incVxIlng  general' 
tied  relationship*  required  in  the  a-.aly  a ,  s  .  The  treatment  is  presented 
in  a  relatively  simple  form  with  rni|ihti.ii  upon  factor*  having  tho 
greatest  significance  in  >u  iur  as  the  ova  rail  operation  of  ii.f  cooling 
system  ia  concerned. 

F* or  Specified  rallies  ?f  coaling  to.nl,  W,  and  allowable  equipment 
exit  temperature.  Tg*.  the  required  hie  airflow  rate  can  he  expressed 
in  terms  of  the  following  tact  or*:  the  hi* 1  d  air  temperature  at  '.he  irlel 
to  the  regenerative  exchanger,  T^j,  the  total  temperature  drop  produced 
by  the  expansion  turbine,  AT4,  a  d  the  ct  epee  live  effivtivene  ss  of  the 
regenerative  and  intermediate  heat  r«h*:  cm,  r^  and  ej.  the  individual 
effectivenesses  are  defined  as  follows: 

Regenerative  exchanger 

,fRaI&i.r.lR&.  <«*<» 

^  Ri  -  Tin 

tnte- rmediate  exchanger 

*1  ■*  TEe  -  TE4  (UIJ 

T^-Trr 

In  these  ‘‘quationa,  T^j  and  T j£f:  aue  the  -rlct  and  eisit  temp*  ratum* 
rosp^cti vrly k  ot  the  transfer  fluid  floMfir. »  through  the  enni^me^t  component; 
likev.tSi’!  Tji  and  Tje  are  the  respective  r.let  and  exit  iempi  raturei  oi 
the  air  flowing  through  the  kr  termed Utc  a  tat  exchanger,  Th«?  temperatures 
of  the  hi  sed  Air  leaving  the  high  prensur**  side  of  the  regenerator  are 
denoted  by  T^c,  By  equating  the  air  niii-r  *ind  transfer  fluid  side  beat  tran&  » 
fer  rati's  in  the  intermediate  exchange rP  * 

(wtj^  ITt-.  -  i  Ei)  a  (vCj.li,  (Tje  -  Tii)  (»«) 

or  TIe  Tii  3  i.<T£e  -  TEi> 
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The  (Oiilln;;  |>ro.<  i{eri  by  tin*  expansion  .  he  ri'jirnte.itc*)  if. 

the  eonv«  oiion.il  rori>>: 


'  •»  k  Mil  -0.  ?.«(>, 

u’l’  lii  ^1  ’  ri  ) 


1 1  il 


Using  equation  f!dM,  t..c  ir!«.  .  temperature  to  the  intermediate’ exchange  r 


0  24) 


Tlie  required  transf*  r  lluid  Mow  rot*  o  t..incd  by  equating  the  rate  of 
heat  aksorpt ion  hy  ?n«*  transfer  lluid  .**  equipment  heal  rejection  rate: 


{'AC;,).  a  0.  Qh  fcj. 
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By  making  use  >i  th.»  relationships  expressed  by  equations  1120)  to('21'), 
the  required  air  .ew  rate  is  *o**nd  to  be 
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The  bleed  air  temperature  at  the  regenerator  inlet  Tr.i  is  defined  by 


*  Th  -  T 


U2?) 


‘  b  *  tt 


where  »q,  is  the  effectiveness  of  the  ram  exchanger,  Tb  U  the  compressor 
bleed  temperature,  and  Tj  is  the  ram  air  temperature.  It  should  be 
noted  that  absolute  temperatures  mast  be  used  in  equation  (12b),  The 
equipment  inlet  temperature  Tjrjj,  in  terms  of  the  airflow  rate  wb  given 
by  equation  ( 1 2b),  is 


TEi  3  tEo  -2z21L±Z 


(128) 


Because  of  the  considerable  aircraft  performance  penalty  associated  with 
bleeding  air  from  the  compressor  of  a  turbojet  engine,  the  bleed  airflow 
rate  must  be  kept  as  lew  as  possible.  By  inspection  of  equation  (126),  it 
is  apparent  that  this  can  be  done  in  one  or  more  of  the  following  ways 
(considering  kw  ar.d  Tgc  fixed): 
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I)  f*c-*V.ne  to  !!;-  higher!  practical  value 

(!)  Dot  t r.’ si'  *l*m  by  a  ram  ••j.oIs.i:.;.  ••  »*  of  high  effectiveness 

J)  licrcasc  b'(  tin*  turbine  at  a  high  pressure  ratio 

The  li;***»  two  means  of  rot!-. jinn  hU-cd  airflow  rati;  must  take  cogni¬ 
zance  r#(  tor  rapid  increase  ir.  bent  exchanger  weight  with  inc  re  a » •r.j* 
i.f!.'r;ivo*n*ss  Ihi*;  is  particularly  true  of  the  regenerative  boat 

na*.ge  •*»  Ot  i-juric,  T*is  will  al*v:.*/s  exceed  tl.e  ram  air  temperature 
T*i’,  rhe  -xtem  to  which  the  nleed  airflow  rate  can  he  reduced  by  in- 
.'roa>.  i»t-  t s  ‘united  by  reduced  turbine  efficiency  at  high  turbine 
press  u*c  retioa,  Another  facto**  which  mignt  conceivably  limit  the 
turbine  temperature  drop  is  the  possibility  of  icing  caused  by  sub-  ■ 
freezing  turbine  discharge  temperatures.  In  general,  a  turbine  pressure 
ratio  of  from  *4  to  6  at  a  turbine  elficiency  of  HO-B'r'To  would  be  a  good 
choir*.  Control  o!  the  turbine  pressure  ratio  is  discussed  in  a  subsequen' 
p  ri  ot  this  section, 

Th  ?  assumed  engine  operating  conditions  for  cruising  flight  listed 
in  the  general  discussion  of  air  cycles  arc  sufficient  to  define  the 
compressor  bleed  tempt  raturc  and  pressure,  as  well  as  the  engine 
1  let  ;.ressure,  as  a  function  of  Mach  number  and  altitude.  The  results 
arc  given  in  figures  66,  67,  and  64  respectively, 

Extraction  of  compressor  discharge  air  occasions  a  loss  of  engine 
thruit  and  an  increase  in  specific  fuel  consumption,  both  of  which  have  a 
deleterious  effect  upon  aircraft  performance.  The  overall  thrust  loss 
is  made  up  of  two  additive  effects:  a  momentum  drag  due  to  taking  the 
bleed  air  aboard  the  aircraft  via  the  engine  inlet  and  a  direct  thrust  loss 
caused  by  the  energy  expended  in  compressing  the  bleed  air  in  the  engine. 
The  latter  factor  is  accompanied  by  an  increase  in  specific  fuel  con¬ 
sumption,  The  equivalent  weight  due  to  compressor  air  extraction  can 
be  expressed  in  terms  of  the  effects  of  increased  drag  (treating  a  thrust 
loss  as  an  increment  in  drag)  and  an  increased  specific  fuel  consumption. 
These  effects  were  examined  analytically  by  employing  the  procedure  of 
reference  18,  The  effect  of  air  bleed  can  bo  expressed  by  equation  (111). 

As  indicated  by  figure  78,  three  heat  exchangers  are  required  for  the 
modified  regenerative  cooling  sys’em:  the  regenerative  exchanger,  the 
ram  pre-cooler,  and  the  intermediate  liqu:d-to-air  heat  exchanger.  Each 
of  these  heat  exchangers  is  characterized  by  its  effectiveness,  pressure 
losses,  si/.c,  and  weight.  In  general,  for  the  specified  design  conditions 
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the  »la#  and  weight  of  a  heal  exchanger  *  r«  <!ir|»i»l«nl  upon:  the  flow 
rale  of  cooled  and  coolant  fluid*,  lit*  physical  arrangement  of  the 
exchanger  and  characteristics  of  l  ie  core,  tie  effectiveness  and  the 
permissible  pressure  loaves.  General  relationships  among  these 
factors  are  developed  in  appendix  I  for  the  various  type*  of 
exchangers  required  for  air  cycle  systems.  Particular  results 
pertaining  to  the  rrgrneiative  cooling  system  analysis  are  discussed 
below. 

The  major  requirement*  of  the  regenerative  exchanger  are  that  it 
be  as  light  and  conipac':  as  passible,  while  still  having  a  sufficiently 
high  effectiveness  to  cool  the  high  prcsuure  compressor  bleed  aiy  to 
a  temperature  approaching  the  equipment  exit  temperature,  T£e,  In  as 
much  as  (he  ratio  of  coolant  to  cooted  fluid  flow  rates  is  unit  for  the 
regenerator,  a  relatively  large  heat  transfer  surface  area  is  required, 
especially  for  high  effectiveness,  leading  to  a  comparatively  large  and 
heavy  exchanger.  Weight  and  sire  of  the  regenerator  can  be  minimized 
through  use  of  highly  efficient  extended  surface  cores  fabricated  of 
aluminum  alloy.  Because  of  the  temperature  limitation  of  an  aluminum 
core,  it  is  necessary  to  pre-coot  the  incoming  bleed  air  in  a  ram  air 
exchanger  as  discussed  previously.  This  has  the  additional  advantage, 
in  so  far  as  the  re  generator  is  concerned,  of  enabling  a  reduction  of 
effectiveness  for  a  given  exit  temperature  which  also  contributes  to  a 
saving  in  size  and  weight. 

The  detailed  analysis  of  the  regenerative  exchanger  is  given  in 
appendix  I  based  upon  h*at  transfer  and  pressure  drop  character¬ 
istics  for  an  efficient  aluminum  extended  -  surface  core  (references  20  and  22 
The  results  of  this  analysis  arc  presented  graphically  in  figure  58 
for  the  following  assumed  conditions:  (1)  triple-pass,  counter-crossflow 
configuration,  (2)  length-width  ratio  /„/  fc  »  2,0  (for  a  single  pass  of 
the  cooled  airflow,  see  figure  59),  Figure  62  gives  the  regenerator 
weight  in  pounds  per  pound  /  second  of  bleed  airflow  as  a  function  of  the 
exchanger  effectiveness  ej^  defined  by  equation  (120)  and  a  pressure 
dorp  parameter  defined  by  the  expression 
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In  the  above  equation.  the  subscript*  i  »*d  b  refer.  respectively,  k* 
iniel  conditions  and  to  the  cooled  flow;  thus  (  8 refer*  to  the  inlet 
pressure  rf  the  high  pressure  bleed  air  entering  the  exchanger  while 
8b  relate*  to  the  ihmh  temperature  of  the  high  pressure  flow.  For 
the  low  pressure  (cooling  flow)  aide  of  the  regenerator,  the  prttsu re 
loss  m  defined,  in  the  general  case,  by  the  expression: 


where  the  subscript  2  refers  to  the  coolant  flow.  For  ia/| c  *  2.0, 
corresponding  to  the  conditions  assumed  for  figure  62, 

^R2  “  ^Rb  (Hi) 

Figure  62  indicates  the  rapid  increase  in  regenerator  weight  with  in* 
creasing  effectiveness  and  also  shows  how  the  weight  decreases  when 
the  exchanger  pressure  losses  arc  permitted  to  increase  for  a  given 
effectiveness  and  flow  rate.  The  volume  of  the  regenerator  exchanger 

i* 


VRxO,OJ68Wa  ( 1 12) 

The  relationships  presented  in  figure  62  and  equations  1 129)  and  (liO) 
must  be  considered  to  apply  to  a  ''design''  operating  condition  for  the 
cooling  system,  i,e„.  for  specified  design  values  of  ea,  wfc,  and 
(or  for  an  equivalent  condition  defining  pressure  losses).  For  "off* 
design"  operating  conditions,  the  regenerator  effectiveness  and  pressure 
tosses  will  of  course  be  different.  As  will  be  Aown  subsequently,  how* 
ever,  the  bleed  airflow  rate  remains  substantially  constant  with  the 
regenerative  system  over  a  wide  range  of  flight  conditions. 

The  function  of  the  ram  exchanger,  or  prc-cooler,  is  to  coo)  Die 
very  hot  compressor  bleed  air  prior  to  ita  entry  imo  the  aluminum 
regenerator  so  as  not  to  exceed  the  Icm,  "rature  limitations  of  the  latter. 
The  required  pre-eoolei  effectiveness  is  found  from  equation  (127)  in 
terms  of  the  compressor  bleed  air  temperature,  the  ram  air  temperature, 
for  the  desired  regenerator  inlet  teine rature .  Because  of  the  high  bleed 
air  temperatures  to  be  expected  at  high  speeds  (l2hO*R  or  higher),  a 
tulular  stainless  steel  core  is  appropriate  for  the  ram  exchanger,  although 
a  topper  alloy  extended-surface  core  could  also  be  used.  In  all  p robahility , 
thi  former  would  have  She  advantage  of  lighter  weight  whereas  the  latte, 
wcutd  he  more  compact.  In  the  present  study,  the  stainless  steel  tubular 
construction  was  assumed,  Representative  core  cha rncte rist tc s  were 
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utiUinrd  from  ffirrcntn  ind  20.  TJit  *ri„ht  of  ft#  raro  exchange r 
is  »hov.n  ir.  figure  ». !  4*  4  function  of  the  tdecd  flu*  rate  wt>,  #lfictivc« 
res*  «(,,  ind  the  om  air  pressure  loss  pa  ran  ••!••.•  ^  _4,  dr!ir.r<l  by 


■X-4 


•  (e. 


(HI) 


Vigurv  f>t  it*  bated  upon  the  detailed  analysis  .,jven  ir.  appendix  t 
together  with  the  following  Atitnirt'd  conditimt:  it)  triple-pass  «.  ounter- 
crossflow  configuration,  (2.)  lAt  4;  3  >.0.  a.vj  l  1)  ratio  of  r"''i.ir.t  to 
cooled  flow  rate,  wa/wy,x  1,9  The  volume  of  the  ram  air  e xchange r 
is  given  by 


Vox  -  0.048  Wc* 


(I  14) 


Th#  purpose  of  figure  tl  it  tode'ioe  the  require  *  sire  and  weight  of  the 
rare,  exchanger  for  spe  .  tfied  design  value  a  of  effectiveness,  new  ratio, 
and  allowable  pressure  drop;  off-design  conditions  can  be  analysed  by 
using  relationships  given  in  appendix 

The  intermediate  heat  exchanger  serves  to  cool  the  truest er  fluid 
with  cool  air  leaving  the  expansion  turbine  (see  figure  ’r).  ti  '-rder  to 
keep  the  required  bleed  airflow  rate  t n  „  minimum,  it  i»  appa.-.ml  from 
examination  of  equation  (I2h)  that  {«  |wcp)b/fwcp)  should  be  a*  small 
as  possible  and  ej  as  high  as  possible.  A  suitable  core  arrangement  for 
the  liquid  10  air  intermediate  exchanger  is  shown  in  figure  11.  The  core 
itself  consists  of  a  large  number  of  closely  spaced  finned  tubes  through 
which  the  transfer  fluid  flows  in  serirs.  An  analytical  treatment  of 
the  inttrmH’»!f  exchanger  is  given  in  appendix  I  bas««i  upon  air 
side  heat  transfer  ami  pressure  chop  data  from  reference  19.  Results 
of  the  analysis  are  plotted  in  figure  7<*  for  the  asturrwd  conditions: 
e J  ■  0.  S.  ta  1.9  and  1.9.  The  wet  weight  of  the  exchanger  is  based 
upon  "he  c ore  being  filled  with  water.  As  in  the  case  of  the  previous 
exchangers,  the  weight  ltd  sire  of  the  intermediate  heal  exchanger  is 
given  in  terms  of  the  air  side  pressure  drop  parameter 
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The  .ohmic  uci  upied  b>  the  intermediate  exchanger  is 
v,s  O.CT>  w, 


(119) 


t  l  ib> 
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FIGURE  T9  WET  W i.IGHT  OF  A  LIQUID  TO  AIR 
HEAT  EXCHANGER 


FIGURE  80  DEAD  WEIGHT  FOR  A  REGENEf-ATIVE  AIR  CYCLE 
COOLING  SYSTEM 
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IUm  air  cooling  of  the  compressor  bleed  air  may  result  in  »|>pre> 
ciabU  momentum  drat  at  high  speeds.  The  net  momentum  drag  can  be 
minimized  through  thrust  recovery,  achieved  by  exhausting  the  ram  air 
through  a  convergent  noszle.  Effective  thrust  recovery  is  promoted  by 
the  following  factors:  II)  tlficicnt  inlet  pressure  recovery.  ( 2 )  low 
pressure  losses  in  ducting  and  rain  e  achanger.  and  (I)  addition  of  neat 
to  the  ram  air.  The  first  ul  these  desired  conditions  can  be  best 
realized  by  obtaining  the  ram  air  supply  from  the  engine  inlet.  Pressure 
losses  can  be  Kept  to  a  minimum  by  proper  se.ee tion  of  heat  exchanger 
and  duct  geometry,  while  the  third  factor  mentioned  above  is  automatically 
satisfied,  becoming  a  significant  factor  for  high  ejj  and  low  (  , 

The  size  and  weight  of  the  required  ducting  can  be  best  defined  an  the 
basis  of  allowable  duct  pressure  losses  as  giver,  by  equations  (HH),  (102). 
ami  ( lOlj,  The  numerical  Coefficient  F\lt  in  equations  (101)  and  (102)  is 
I*dt  *2,5,  This  will  approximately  account  for  the  increased  friction 
factor  in  the  inlet  region  of  the  duct  as  well  as  the  diffuser  losses  at  the 
entrance  to  the  ram  exchanger.  The  dvet  diameter  d  is  found  from 
■:qv- .Hon  (102)  in  terms  of  the  Vnown  flou  rale  *»a.  duct  length  /,  inlet 
cos-'ittaiij  j  and  J-p.  and  the  allowable  press  are  drop  ratio  (&p/pj)dt- 
(8f  is  found  from  figure  it.)  The  above  procedure  affords  a  reasonable 
basis  for  estimating  the  required  inlet  duct  size  and  weight.  The  exit 
ducting  can  he  treated  in  a  similar  *»•;« 

The  momentum  drag  resulting  from  the  ram  cooling  flow  can  oe 
expressed  by  equation  (92).  The  uozzle  pressure  ratio  is  easily  deter¬ 
mined  in  terms  of  the  inlet  pressure  ratio  (figure  it)  an-4  the  ducting  and 
heal  exchanger  pressure  losses. 

Part  of  the  airc  raft  performance  penally  resulting  from  compressor 
bleed  can  be  offset  by  thrust  recovery  when  the  blued  air  is  ejected  from 
the  aircraft.  The  thrist  recovery  can  be  expressed  by  equation  (97). 

Thrust  recovery  clearly  depends  upon  r or  jcrv.it ion  of  pressure  through 
the  bleed  air  passages,  i„e,  ,  the  rani  t  cchangrr,  ducting,  the  regenerative 
exchanger,  expansion  turbine,  intermediate  exchanger,  and,  finally,  the 
exit  ducting.  The  individual  pressure  losses  may  be  evaluated  on  the 
basis  of  the  pressure  loss  considerations  previously  discussed,  thus 
enabling  the  determination  of  the  pressure  level  at  the  exit  from  the  low 
pressure  liae  of  the  regenerative  exchanger.  This  pressure  level  is 
increased  by  the  compressor  located  in  the  exit  duct  which  serves  as  a 
load  fo»  ihe  expansion  turbine  (see  figure  78|.  tn  terms  of  the  compressor 
adiabatic  efficiency  ,  the  press  .ro  ratio  developed  by  Tbe  compressor 
can  be  exp»t  esed  by  equation  (98). 
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The  deg  re*  of  Ihrutl  recovery  possible  with  the  regenerative 
cooling  system  i»  to  a  great  extent  dependent  upon  the  nweiu  provided 
for  controlling  the  bleed  airflow,  U  maximum  thrust  recovery  is  to 
be  obtained  over  a  range  of  (light  conditions,  control  must  be  cxvrcised 
over  both  the  turbine  nozzle  area  ar.d  the  evil  nozzle  area.  A  variable* 
area  turbine,  such  as  that  described  in  reference  iT,  enables  'onl'ol 
of  the  bleed  airflow  rate  over  a  rather  wide  range  of  bleed  pressures, 
whereas  control  of  the  turbine  pressure  ratio  necessitate*  a  variable* 
area  exit  nozzle.  From  the  standpoint  of  practicability,  it  would  appear 
desirable  to  employ  a  fixed-area  exit  nozzle  providing  effective  thrust 
recovery  for  the  design  cruise  condition,  together  witn  a  variable -area 
turbine  for  control  of  the  bleed  airflow  rate  for  all  flight  conditions. 

This  approach  avoids  difficult  flow  control  problems  at  the  expense  of 
less  efficient  cooling  system  performance  for  conditions  other  than 
the  design  cruising  condition.  Subse^-ent  calculations  indicate  that 
the  regenerative  cooling  system  imposes  a  relatively  moderate  aircraft 
performance  penalty  even  when  bleed  air  thrus  recovery  is  igr.urod, 

>,  Results  of  Regenerative  Air  Cycle  Cooling  System  Analyses 

The  analytical  procedure  presented  in  the  foregoing  section  enables 
the  determination  of  the  pysical  characteristics  and  the  aircraft  perform¬ 
ance  penalty  of  the  regenerativr  air  cycle  cooling  system  for  specified 
conditions.  The  independent  variables  involved  in  the  analysis  are  as 
fellows;  cooling  load  (lew),  equipment  exit  tempe raturc  (Tjre).  Mack 
number  (M),  and  altitude  (11);  also  du:l  and  transfer  line  lengths.  Addi¬ 
tional  variables  required  for  the  analysis  and  subject  to  choice  are  the 
following:  effectiveness  of  ram,  regenerative,  and  intermediate  beat 
exchangers  (ej,,  and  e|,  respectively),  turbine  pressure  ratio  (rj), 

and  regenerator  inlet  temperature  ITr;);  in  addition,  the  heat  exchanger 
and  ducting  pressure  losses  may  be  treated  as  design  variables  which 
can  b>*  chosen  to  meet  the  overall  requirements  of  the  cooling  system. 

The  fundamental  point  of  view  adop»ed  for  the  numerical  analysis  is 
to  interpret  each  Mach  number -altitude  combination  of  figure  l  as  a 
design  cruising  condition  and  to  determine  the  cooling  system  character¬ 
istics  and  performance  for  this  condition,  thus  involving  no  off-design 
operation.  An  alternate  procedure  would  be  to  select  a  certain  design 
flight  condition,  at  which  the  cooling  system  geometry  ;*  fixed,  and  then 
to  determine  the  performance  of  this  fixed  cooling  system  o-rr  a  tange 
of  altitudes  and  speeds.  Although  the  latter  approach  is  more  representa¬ 
tive  of  actual  operating  conditions  of  a  cooling  system,  it  is  rather 
impractical  for  the  present  purpose  tr.-.mly  because  detailed  engine 
operating  conditions  are  not  available.  As  a  matter  of  fact,  flic 
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subsequent  analysis  indicates  that  the  K‘([™<'r»liv»  cooling  tyttrm 
pertormance  in  rot  subject  to  great  changes  with  changing  flight 
conditions. 

Another  basic  factor  to  be  cons’dered  i*  (hat  of  optimization  of 
the  cooling  system,  Optimization  (in  the  strict  sense  of  (tu-  term) 
was  not  attempted  for  the  rrgene ra‘ i ve  cooling  system.  The  system 
was  analyzed  with  an  engineering  optimization  as  discussed  in  section 
III  of  this  report. 

The  bulk  of  the  numerical  calculations  were  carried  out  fee  a 
cooling  load  of  kw  «  10  kilowatts  with  Tjrc  «  <J7s*l‘',  The  effect  i  of 
changii  g  kw  and  Tje,,  are  discussed  later.  Design  variables  Such  as 
heal  exchanger  effectiveness,  pressure  losses,  etc,,  are  given  below. 
It  will  b<-  noted  that  the  analysis  is  based  upon  a  constant  regenerator 
inlet  temperature  Trj  •  1000"R,  independent  of  Mach  number  and 
altitude.  Reasons  for  ’his  choice  are  indicated  in  the  discussion, 

A :  suiiied  Design  Variables  lor  Analysis  of  the 

Regenerative  Cooling  System 

kw  IU  at  TEe  *  Tis’R 
TRi  *  1 000  *R 

Heat  Exchanger  Characteristics 

cR  -  0.8  at  +R.b  .  0,01 
I  ja  0,8  at  *  0, 002  and  {  ■  1,0 
«  t,  »Tb-  TRi  at  C  *  1.5 
Tb  -  +r 

(Th>*  choice  of  a  is  discussed  below.) 

Air  Cycle  Machine  Characteristics 

Radial  turbine  with  variable-area  nozzle; 

rt  *  S.  0  at  0.  8 

Radial  copsnressor  driven  by  turbine; 

Vc  x  0,2 
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Ducting  Characteristics 

air  ilutl  •  engine  to  rr|irnt rdtort 

<AI*WPb  *  °.0it  Ait  *  2^  it 

Blt'iu  air  exit  duel: 

(AI>W|‘1  ■  <*,02,  *  C  >» 

Ram  cooling  duct: 

(ApWpf  “  O.O"!.  J  tit  "  *** 

(bused  on  (Ap)/pj  3  6.W  f or  inlet  and  exit  duct*) 
No/./.lc  Kft'ciency 


t'vr  both  llu*  ram  cooling  due  l  .*nd  the  bleed  air 
exit  duct,  exhaust  no/. /ie  efficiencies  of  a  0,  OS 
arc  ass  unit’d,  based  on  air  discharge  approximately 
JO*  off  the  flight  direction. 

The  data  given  in  table  1  enable  a  complete  analysis  of  the  cooling 
system  characteristic#  and  performance  over  the  Mach  number-altitude 
rar.g.c  shown  in  figure  1  for  k w  a  10  and  T^,,  n  27b  *K,  The  analysis  is 
based  upon  the  methods  presented  in  part  B,  The  assumed  regenerator 
op«  ration  condition*  result  in  a  constant  bleed  airflow  rate,  w^,,  inde¬ 
pendent  of  altitude  and  Mach  number.  This  in  turn  leads  to  constant 
values  of  regenerator  weight,  Wr,  and  intermediate  exchanger  weight, 

,  as  well  a#  a  constant  weight  for  the  air  cycle  machine,  Wt,  These 
value*  are  a*  follow#; 

Bleed  airflow  rate; 

wh  *  0,  11  l\j/ sec  (equations  b  and  3) 

Regenerator  weight  and  volume: 

WR  *  2b, 8  ib  (figure  62  and  »,) 

Vp  a  0,98b  ft J  (equation  16  and  Wg) 

Intermediate  exchanger  weight  and  volume: 

Wj  a  6.8  11>  (figure  79  .and  ws) 

Vj  a  0,  Jd  ft^  (equation  20  and  Wj) 

Air  cycle  machine  weight: 

W I  »  8.0  lb  (equation  91) 
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Remaining  coo? mg  system  ck*r*(UiUUi;»  «utk  a*  duct  Diet  and 
weight*.  pre-cool*  r  *Ue  and  weight,  morocntum  drag  doe  to  cooling 
air.  and  bleed  air  thrust  recovery  arc  dependent  upon  Mach  number  and 
attitude.  Some  of  the  more  important  of  these  characteristic*,  which 
were  determined  by  applying  the  analytical  uiclli  a]*  discussed  previously 
are  illustrated  in  T. g»res  78  to  82. 

The  equivalent  total  weight  of  the  regenerative  coding  system  is 
shown  in  figures  til  and  84  as  a  function  of  altitude  and  Mach  number  for 
the  specified  conditions.  Results  are  given  in  figure  3}  for  tero  bleed 
air  thrust  recovery  and  in  figure  84  for  the  thrust  recovery  possible 
under  the  conditions  listed. 

The  operating  limits  for  regenerative  air  cycle  cooling  systems  of 
different  total  equivalent  weights  are  indicated  on  the  allitude-Maeh  number 
envelope  In  figure  83  assuming  a*ro  thrust  recovery  and  in  iigure  %f»  as¬ 
suming  a  thrust  recovery  as  indicated  in  the  analysis. 

4.  Effe  c i k  oi  Changes  in  the  Regenerative  Air  Cycle  Cooling 

System  Operating  Conditions 

The  effects  o!  departures  from  the  assumed  cooling  system  Operating 
conditions  used  in  the  preceding  analysis  are  discussed  bc'ow  for  some 
of  the  more  important  cooling  system  variables, 

1)  The  effective  weight  penalty  is,  for  all  practical  purposes, 
directly  proportional  to  the  eouling  load.  To  a  great  extent,  other 
cooling  system  characteristics  (such  as  heat  exchanger  built,  momentum 
drag  losses  due  to  ram  cooling,  etc.)  are  also  proportional  to  cooling  load. 

2)  The  effect  of  changing  T from  the  value  Tge  used  in  this  analysis 
is  illustrated  in  figure  33  for  M  a  2,0  at  60,000  feel  altitude.  It  is  con¬ 
sidered  very  unlikely  that  equipment  cooling  conditions  would  ever  dictate 

a  value  of  Tjrc  less  than  275  *F  for  the  regenerative  cooling  system  be¬ 
cause  of  thi"  low  coolant  temperature  at  the  equipment  inlet  (about  8fc*F 
for  the  conditions  given). 

3)  The  preceding  calculations  were  based  upon  compressor  bleed 
temperatures  given  in  Iigure  bfc,  which  is  based  upon  a  maximum  compres¬ 
sor  discharge  temperature  of  1250  *R,  The  effect  of  changes  in  Th  upon 
the  overall  effective  cooling  system  weight  is  shown  in  figure  8?  for 

M  =  2,0  and  2.4  at  60,000  feet  altitude.  For  Tpj  -  1000*K,  the  rain 
exchanger  effectiveness  changes  with  Tfc,  as  indicated  by  equation  (127) 
maintaining  the  same  a  used  for  Tj,  a  1250  *R,  Figure  87  indicates  that 
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FIGURE  BJ  EQUIVALENT  TOTAL  WEIGHT  FOR  A  REGENERATIVE  AIR 
CYCLE  COOLING  SYSTEM  WITH  OUT  BLEED  AIR  THRUST 
RECOVERY 


FIGURE  84  EQUIVALENT  TOTAL  WEIGHT  FOR  A  REGENERATIVE 

AIR  CYCLE  COOLING  SYSTEM  WITH  SUED  AIR  THRUST 
RECOVERY 
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FIGURE  8S  COOLING  SYSTEM  OPERATING  LIMITS  FOR  A  GIVEN  TOTAL 
EQUIVALENT  WEIGHT  TCA  A  REGENERATIVE  AIR  CYCLE 
COOLING  SYSTEM  WITH  OUT  BLEED  AIR  THRUST  RECOVERY 
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TIGURE  «T  EQUIVALENT  TOTAL  WEIGHT  VERSUS  COMPRESSOR 
BLEED  AIR  TEMPERATURE  FOR  A  REGENERATIVE 
AIR  CYCLE  COOLING  SYSTEM 
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FIGURE  88  EQUIVALENT  TOTAL  WEIGHT  VER.H'S  EQUIPMENT 
EXIT  TEMPERATURE  FOR  A  REGENERATIVE  AIR 
CYCLE  COOLING  SYSTEM 
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the  cifrd  cl  Tj,  In  lh«  Mniir  from  1150*  tu  IWO'R  i*  small  far  hoA 
M  ■  2*0  and  2.4. 

5,  Conclusions  With  Regard  to  Kegene rative  Air  Cyc le 

Cooling  Sy  strum 

ll.o  follow ing  conclusions  can  be  drawn  from  Sho  foregoing  analysis 
of  the  regenerative  air  cycle  cooling  sy stem: 

;)  The  regeno tative  cooling  system  imposes  a  relatively  small 
aircraft  performance  penalty,  particularly  in  the  case  of  bleed  air  thrust 
recovery  where  the  maximum  cooling  system  effective  weight  penalty 
>S  about  120  pounds  (for  M  ■  2,5  at  4,000  feet  altitude)  for  a  cooling  load 
of  10  kilowatts  at  Tj£t  ■  27*>*K.  W ilhout  bleed  air  thrust  recovery,  the 
effective  weight  prnaltv  ior  these  conditions  is  about  i5Q  pounds. 

2)  The  equipment  ir.lct  temperature  attained  with  the  regenerative 
cooling  system  it  relatively  tow  even  at  high  speeds,  values  of  from 
bO*  to  90  *y  oeing  easily  attained.  This  is  beneficial  for  equipment  cool¬ 
ing  because  of  the  capability  of  cooling  equipment  items  having  a  range 
of  operating -temp*.1  rature  limits  in  a  given  equipment  package;  also, 
fluid  circulation  rates  can  be  relatively  low,  which  results  in  a  saving 
in  weight  and  power  requirements  for  the  transfer  fluid  system.  A. 
further  advantage  of  a  low  coolant  temperature  is  the  potential  application 
ul  the  cooling  system  to  cabin  cooling  as  well  as  equipment  cooling;  thus, 
the  coolant  could  first  be  passed  through  a  heat  exchanger  at  the  cabin 
for  cooling  the  cabin  air,  after  which  the  coolant  could  be  employed  in 
the  usual  way  for  equipment  cooling.  A  relatively  small  ioolant  tempera¬ 
ture  rise  would  occur  in  cooling  the  cabin  (assuming  reasonably  good 
ic  sulalirifl), 

J)  The  regenerative  air  cycle  system  could  be  designed  so  as  to  be 
quite  compact  and  light  in  weight, 

4)  Ground  cooling  can  be  achieved  with  the  engine  idling. 

5)  Because  of  the  probability  that  targe  compressor  bleed  and  engine 
inlet  airflows  will  be  required  for  coolirg  of  the  engine  itself,  the  use  of 
an  efficient  air  cycle  cooling  system,  with  its  relatively  smalt  demands  m 
compressed  air,  becomes  relatively  more  desirable  nrd  more  readily  inte¬ 
grated  into  the  overall  aircraft  design  than  would  be  the  case  if  apeejal 
provisions  were  required  fur  deeding  compressor  or  irde'  air  for  the 
cooling  system  alone, 

h)  The  reg  .'iterative  cooling  system  does  not  appear  To  depend  upon 
developments  in  heat  exchangers  Or  air  cycle  machines  beyond  the  present 
state  of  the  art  for  effective  application  !c>  equipment  or  cal-.m  cooling. 
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EXPENDABLE  COOLANT  EQUIPMENT  COOLING  SYSTEMS 

A.  Basin'  Considerations 


Aircraft  that  have  mission  requirements  of  relatively  *horl  deration 
or  for  which  the  high  speed  portion  of  the  flight  will  he  limited  la  rela¬ 
tively  short  dashes  either  *y  mis  ar  hy  fuel  con  aide  rat  ion*  can 

efficiently  utilize  expendable  eooi.-l  equipment  cooling  systems,  This 
concept  of  moling  involves  a  fluid,  carried  on  board  the  aircraft,  that 
absorb*  heat  lusually  hy  changing  state*  while  cooling  the  equipment 
and  is  then  dumped  overboard  in  a  hight  r  energy  state. 

[hr  prime  requirement  ;*  for  a  substance  that  can  absorb  a  targe 
amount  of  heat  per  pound  at  the  required  temperature  level.  Since  the 
coolant  is  expendable,  the  weight  will  be  a  direct  function  of  the  heat 
absorption  capabilities  of  “he  coolant.  Other  considerations- are  physical 
properties  such  as  freezing  point,  vapor  pressure,  toxicity,  and 
corrosivity  and  practical  considerations  such  :»#  availability,  cost,  etc, 

Tne  expendable  coolant  Could  be  any  fluid  or  solid  that  can  absorb 
heat  daring  *  cuange  of  state  or  it  coutd  be  a  substance  that  would 
undergo  an  endothermic  chemical  reaction.  The  most  promising  ex¬ 
pendable  coolants,  investigated  during  the  course  of  this  study,  are 
fluid*  which  change  in  stale  from  a  liquid  to  a  vapor,  a  process  during 
which  the  fluid  absorbs  the  latent  heat  o[  vaporization. 

The  utilization  of  the  heat  of  fusion  does  not  appear  practical  because 
;he  energy  change  is  usually  much  less  during  melting  than  duiiriR  vapor¬ 
ization  and,  [nether,  solids  are  not  readily  transported  through  a  system. 
No  endc'hermic  chemical  reactions  that  appeared  practical  enough  to 
warrant  further  investigation  were  :,oted  in  a  search  through  reference* 

10  and  11,  Consequently,  further  a'uily  *4  expendable  coolant  systems 
was  limited  to  fluids  that  would  change  slate  from  liquid  to  vapor  at 
suitable  pressures  and  temperatures. 

Fluids  that  lreezc  within  the  temperature  range  rf  interest,  notably 
water,  have  been  considered  for  applications  in  systems  designed  so  that 
freezing  would  not  render  the  system  in.jpe rablc.  However,  in  evaluation 
calculations,  the  heat  of  fusion  has  not  Inr.i  considered  as  it  is  available 
only  when  the  initial  temps  rature  is  below  the  freezing  point. 
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h  tht  idcdiM  of  an  expendable  coolant*  the  boiling  point*  of  the 
fluid  at  the  applicable  pressures  <■  a  prime  consideration.  In  tact, 
thla  is  the  property  that  defines  the  temperature  level  that  canine 
maintained  with  the  fluid.  The  bulling  point  must  be  below  the  t-quip- 
ment  temperatures  if  coaling  is  to  be  achieved.  Thus  at  sea  trecl 
water  bolts  at  IR'F,  ethyl  alcohol  at  I71*F*,  methyl  alcohol  as. 

146, S*F,  and  ammonia  at  -28,S*F.  The  above  fluids  therefor*  can* 
not  be  used  to  cool  below  the  indicated  temperatures  at  sea  leve-T, 

The  boiling  point  is  that  temperature  at  which  the  vapor  pressoJ-e  is 
equal  to  the  atmospheric  pressure;  therefore,  the  boiling  point  will 
decrease  as  the  ambient  pressure  decreases.  A  particular  fluiid  is 
therefore  capable  of  cooling  equipment  to  a  lower  temperature  !1«  vel 
at  altitudes  above  sea  level.  Curves  indicating  the  variation  of  itmillng 
point  with  altitude  for  several  fluids  are  shown  in  figure  89.  Tine  water* 
ethylene  rtyrM,  wator-ethyl  alcohol,  and  water-methyl  alcohol  soluticns 
are  each  of  proportions  that  freeze  at  -6S  *F. 

The  vapor  pressure  is  also  significant  in  so  far  as  storage  lit  con¬ 
cerned.  If  the  fluid  is  stored  on  the  aircraft  at  ambient  pressure* 
evaporation  will  result  in  a  temperature  such  that  the  vapor  pr-smrs 
is  equal  to  the  ambient  pressure.  Evaporation  of  the  fluid  must  com¬ 
pensate  for  heat  flow  into  the  fluid  from  the  sc rroandings.  If  due  fluid 
container  i"  pressurized,  the  vapor  pressure  at  the  storage  tcm,;>eraiurc 
determines  the  pressure  that  applies* 

The  amount  of  cooling  that  can  be  secured  by  the  vaporization  of  a 
liquid  (vaporizing  it  Ty  and  stored  at  T»)  is  given  by  the  equation 
(assuming  constant  specific  heats) 

Q-  Ly  -  cp|  (T.  -  Tv)  ( l  37) 

The  latent  heat  decreases  with  increasing  temperature.  Assuming 
constant  specific  heats,  the  latent  heat  (L.y)  at  a  temperature  Ty-  in 
terms  of  the  specific  heats  and  the  latent  heat  ( L0)  at  a  temperature 
T0  i»  given  by  the  equation 

by  *  ba  -  (cp^  -  CpjjJ  (T y  -  To)  (1  38) 
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FIGURE  89  BOILING  TEMPERATURE  VERSUS  ALTITUDE  FOR 
SEVER, .L  EXPENDABLE  I  LUIDS 
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The  above  etjualluni  indicate  that  even  though  the  laden  t  heat 
Orcreatev  as  the  valorizing  temperature  increases,  ih*e  net  mooting 
effect  inc rease*  a*  the  vaporizing  temperature  incrra.cn.  Thi»  ia 
because  the  sensible  heat  of  the  stored  liquid  reduces  r!;.r  net  cooling 
effect  when  the  storage  temperature  i»  above  the  evaporating  tem¬ 
perature,  bt  the  event  that  the  storage  t«-rnpc  rature  >**  it*-  i  o*  the 
vaporizing  temperature,  the  sensible  heat  will  increase-  the  net  cool¬ 
ing  and  again  a  high  vaporizing  temperature  is  indicate*,  for  maximum 
cool  ing. 

The  cooling  effect  can  also  be  expressed  in  terms  the  latent 
heat  oi  vaporization  at  the  liquid  storage  temperature  Tfc  by  substitu¬ 
ting  equation  1138)  (w,th  proper  subscripts)  into  equation  (117), 

a  ■  I-S  cpt.  «T.  -  TV)  1 1  39) 

Equation  (137)  indicates  that,  when  the  storage  terr.;;.*- rature  ia 
higher  than  the  vaporizing  temperature,  the  net  cooling  ■♦•fleet  is  less 
than  the  latent  heat  at  the  storage  temperature.  The  reduction  is  equal 
to  the  product  of  the  specific  heat  of  the  gas  and  the  r  nee  between 

the  storage  and  vaporizing  temperature.  Equation  ( l  31))  bears  out  the 
observation  that  maximum  net  cooling  is  obtained  at  a  m  aximum 
evaporating  temperature.  The  above  analysis  indicate*  -Che  importance 
of  considering  the  latent  heal  at  the  storage  or  the  vaporizing  tempera¬ 
ture,  the  specific  heal  of  the  gas  or  'he  vapor,  respect:  a  «Ty.  and  the 
temperature  differences  between  ihe  storage  container  .i-nd  the  evaporator. 
Only  with  the  above  considerations  can  a  valid  compari*  :m  of  various 
expendable  coolants  be  made. 

The  freezing  point  and  boiling  point  of  a  fluid  define  *  the  range  of 
applicability  tor  use  as  an  expendable  coolant.  The  laten.t  heal  of  vapor¬ 
ization  defines  the  cooling  effect.  Other  fluid  character-.!  tic*  and 
properties  may  or  may  not  be  significant  for  a  particular  application. 

The  general  chareclcr:  slic  s  pertaining  to  expendable  co«.i'ant  applications 
for  some  of  the  more  promising  fluids  are  discussed  bei.ow. 

Out  of  a  large  number  of  fluids  considered,  six  hav*r  been  selected 
as  possessing  sufficient  merit  to  warrant  a  thorough  an.i'vsis  of  applica¬ 
bility  and  of  system  characteristics.  The  six  fluids  »r**  water,  water- 
indhyl  alcohol  solution,  methyl  alcohol,  water-ethyl  ate -.mol  solution, 
ethyl  alcohol,  and  ammonia.  Some  of  thr  more  significant  thermal 
properties  are  listed  in  table  4, 
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Among  Iht  fluids  comWered  as  expendable  coaUnts.  the  thermo- 
dynamic  properties  of  water  are  unique.  In  fact,  the  desirable 
properties  are  no  outstanding  that  considerable  work  and  design  effort 
is  justified  to  circumvent  the  one  or  two  disad .  antage  •  encountered 
in  its  use.  The  only  notable  liabilities  of  water  are  its  relatively 
high  freezing  and  boi'ing  points.  The  free  ring  point  problem  can  ho 
eliminated  by  the  use  of  a  heat  transport  fluid.  The  high  boiling  point 
requires  heat  exchange  at  small  temperature  difference*  and  equip¬ 
ment  that  can  operate  at  the  necessary  temperature.  An  indication  of 
the  temperature  at  which  cooling  can  be  secured  is  indicated  by  ths 
boiling  point  and  its  variation  with  altitude.  The  decrease  in  boiling 
point  ie  very  nearly  linear  with  altitude  front  212*1*’  at  sea  level  »o 
approximately  100  *F  at  65,000  feet  altitude.  Figure  89  illustrate* 
the  variation  of  the  boiling  point  with  altit'ide  tor  water  and  for 
several  other  fluids.  The  cuive*  of  figure  89  are  linear  approxima¬ 
tions  but  are  within  about  two  degiees  for  the  entire  range  covered 

The  latent  heat  of  vaporization  of  water  is  more  than  double  that 
of  any  of  the  other  fluids  (except  water  solutions).  The  latent  heat*  at 
significant  temperatures  are  listed  in  table  4.  The  safety,  availability, 
non- inflammability ,  and  non-toxicity  of  water  are  of  course  unequaled, 

A  primary  advantage  of  ammonia,  lor  some  applications,  is  its 
low  boiling  point,  -2d*F  at  standard  sea  level  pressure.  The  latent 
heat  is  relatively  high,  478  Fltu/lb  at  100*F.  The  latent  heat  of  598 
Btu/lb  at  -28  *F  is  not  significant  for  cases  where  the  fluid  is  pressur¬ 
ized  anil  stored  at  a  higher  temperature.  Storage  at  rather  high 
pressure  is  necessary  to  prevent  evaporation.  Ammonia  is  highly 
toxic,  involves  rather  severe  handling  problems,  ar.d  possesses  un¬ 
desirable  chemical  properties.  Ammonia  is  worthy  of  consideration 
only  for  case*  where  a  very  low  temperature  is  needed. 

The  addition  of  methyl  or  -thy!  alcohol  la  watrr  to  lower  the  freezing 
point  is  a  means  of  utilizing  water  for  some  applications  where  freezing 
cannot  bo  tolerated.  Tho  solution  docs  have  a  somewhat  lower  boiling 
point  as  indicated  by  the  curves  of  figure  89.  However,  it  should  he 
pointed  Out  that  these  solutions  (fret  zing  at  -55*Fj  arc  not  azeotropic 
and  therefore  the  solutions  do  not  have  a  true  fixed  boiling  point;  the 
composition  of  the  vapor  will  be  slightly  different  From  the  liquid  solution 
resulting  in  a  solution  that  will  vary  in  composition  and  the  boiling  point 
will  gradually  increase  as  the  liquid  boils  off.  Such  solutions  can  be 
used  for  cooling  if  the  pressure  is  such  that  water  will  boil,  or  even  at 
the  lower  boiling  temperature  for  a  short  time.  c.g..  white  climbing 
to  altitude.  The  addition  of  the  alcohol  reduces  the  latent  heat  to  a  marked 
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degree  but  it  remains  considerably  higher  thin  the  pure  alcoHidls, 

The  ime  o f  methyl  or  ethyl  alcohol,  either  pure  or  In  solmliou, 
presents  some  additional  problem*  such  as  inPsmmabillty.  fAte'hyl 
alcohol  is  somewhat  toxic;  ethyl  alcohol  is  essentially  non-toxtlc. 

Liquid  oxygen  is  another  fluid  that  ccJd  be  used  as  an  expandable 
coolant.  In  as  much  as  oxygen  is  needed  for  crew  breathing  dluring 
flight,  any  cooling  obtained  with  the  oxygen  used  for  such  purfpose* 
would  be  an  efficient  cooling  means.  To  cocure  cooling  by  im  um  of 
liquid  oxygen,  the  liquid  would  have  to  bu  stored  in  very  well  iota ulated 
containers  at  a  very  low  temperature.  Tne  critical  tcmpernluire  of 
cxygen  is  -IBZ*F,  Unle.'S  the  owgcn  is  i;arried  at  ternperaturro* 
bclvw  the  critical  temperature,  the  only  cooling  that  cou’.d  be  -Obtained 
would  be  that  available  from,  sensible  heating  up  to  the  temperr.tture 
at  which  it  is  to  be  used  for  crew  breathing.  The  use  of  oxygten  as  an 
expendable  coolant  in  quantities  greater  than  required  for  purnioses 
Such  as  crew  breathing  doe*  not  appear  warranted  because  this"  cooling 
available  Is  less  than  lor  a  number  of  ether  fluids  trot  requirrnvg  storage 
at  the  very  low  temperatures.  If  water,  for  example,  were  prre -cooled 
and  stored  in  an  insulated  container  to  a*  lobe  initially  frozern,  approxi¬ 
mately  one  third  more  cooling  could  be  obtained  per  pound  of :  .weight. 

The  additional  cooling  1*  obtained  by  virtue  cf  the  latent  heat  'Of  fusion 
and  the  sensible  heat  required  to  increase  the  temperature  oftUic  solid 
and  liquid  before  vaporization.  Pre-cooling  of  the  liquid  (or  frreezing} 
would  enable  the  expendable  coolant  system  to  cool  equipments  for  a 
limited  time  under  conditions  at  which  the  ambient  pressure  its  too  high 
to  permit  boiling  of  the  liquid. 

A  simple  expendable  coolant  system  is  shown  schematicaiUy  In 
figure  9Q,  In  this  system,  the  expendable  coolant  is  condaclcrtl'to  the 
equipment  component  through  a  line  by  means  of  pressure  or  .1  small 
pump.  Vaporization  taVos  place  at  the  equipment.  Each  cvapiorator  is 
equipped  with  a  pressure-regulating  valve  controlled  by  the  ov.-uporator 
temperature .  This  type  of  Bystem,  because  of  the  long  lines  riroin  stored 
expendable  coolant  to  the  equipment,  would  require  a  non-fremzing 
expendable  coolant. 

An  expendable  coolant  system  utilizing  a  beat  transport  ffluid  is 
shown  schematically  in  figure  91.  Ir  this  system,  the  cxpemlt.ible 
coolant  ia  evaporated  in  the  storage  tank.  The  vaporization  it.-  achieved 
by  mean*  of  a  heat  transport  fluid  flowing  through  tubes  imineiracd  ;n 
the  expendable  coolant,  Whil~  tins  s>  stern  involves  a  heat  t  ram  sport  tiuio 
with  lines,  pump,  etc.,  it  permits  the  utilization  of  water  as  the  expendable 
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FIGURE  90  WATER- ALCOHOL  EXPENDABLE  COOLANT  SYSTEM 


FIGURE  91  WATER  EXPENDABLE  COOLANT  SYSTEM 
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coolant  provide)]  the  Unk  is  designed  to  that  it  will  not  b* 

damaged  hy  freezing.  With  this  system,  the  need  foe  pressure 
control  valves  at  each  of  several  evaporators  is  eliminated. 


B,  Results  of  the  Analysis  of  Expendable  Coolant  Equipment 
Cooling  oy  sterns 

The  initial  weights  of  th«  simple  expendable  systems  depend  os 
the  design  flight  duration.  Initial  weights  of  systems  for  a  10  kw 
cooling  load  are  plotted  versus  flight  duration  in  figure  92  for  the 
water  system  assuming  the  associated  lines,  storage  tank,  etc,, 
weight  20  pounds  plus  20%  of  the  fluid  weight.  The  storage  tank  for 
this  system  m us*  he  designed  so  that  the  water  can  expand  when 
freezing.  The  initial  weights  of  a  water-ethyl  alcohol  system  are 
also  plotted  in  figure  92  assuming  the  tines,  pressure  regulators, 
s'.orage  tank,  etc.,  weigh  20  paur.de  plus  1?%  of  the  fluid  weight. 

The  weight  of  expendable  coolant  cooling  systems  varies  during 
flight;  consequently ,  far  evaluation  purposes,  some  average  weight 
is  more  indicative  of  the  effect  on  the  aircraft.  The  evaluation 
average  weight  of  the  two  types  of  simple  expendable  coulant  systems 
are  illustrated  in  figure  9  i.  The  curves  were  drawn  with  the  same 
assumptions  as  the  initial  weight  curves,  taking  a  value  of  70%  of  the 
required  expendable  coolant  weight  as  the  evaluation  average  weight. 

The  him  "evaluation  average  weight"  is  used  for  all  systems  utilizing 
an  expendable  coolant  so  as  to  differentiate  systems  exhibiting  varying 
weight  and  having  an  inherent  time  limitation  from  those  having  a 
constant  equivalent  weight  independent  of  time  of  operation.  The 
evaluation  average  weight  as  used  in  this  r-port  includes  the  actual 
wetght  of  compor.rr.ts,  an  equivalent  weight  for  power  or  drag  fas 
discussed  in  section  III),  and  one-half  the  weight  of  the  expendable 
coolant  required  for  the  specified  flight  duration, 

C,  Conclusions  Wsth  Regard  to  Expendable  Coolant  Cooling  Systems 

t)  Expendable  coolant  systems'  a. e  applicable  only  to  flight  of 
relatively  short  duration, 

2)  Tilt-  systems  arc  very  simple  and  involve  a  minimum  of  me  hani- 
c»t  parts  and  coo»rol*. 

1)  Water  is  by  far  the  most  efficie.it  coolant  on  a  weight  basis. 

4)  Ammonia  may  be  desirable  if  very  low  temperatures  U'C  required. 
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41  The  ly  ttrm>  «r*  ruhtlvtly  insensitive  to  flight  «r  «<|ulpm<Kt 
condition*  within  the  attainable  temperature  range, 

t)  Ground  cooling  can  be  secured  provided  the  equipment  temperature 
level  la  above  the  boiling  point  of  tlie  liquid  at  the  ambient  pressure, 

Tj  Perhaps  the  most  promising  field  for  expendable  coolant  cooling 
systems  la  in  conjunction  with  another  system*  Such  applications  are 
discussed  in  the  following  section  of  this  report. 
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SECTION  VLU 


C  O  M  li  IN  AT  ION  JYSTKMS 


A.  General  Consult-  rati  un* 

For  •omr  ai'iwtt  and  flight  plans,  it  may  he  possible  to  reduce 
the  total  penalty  ascribed  (o  the  cooling  system  by  utilising  more  loan 
one  type  of  cooling  system.  Two  basic  conditions  th.<t  require  a  turn- 
bin.ation  cooling  system,  or  for  which  less  penalty  can  be  secured  by 
utilising  two  or  more  system*  as  a  composite  cooling  system,  air; 

1)  systems  that  possess  inherent  limitation  in  temperature  difference 
or  in  sink  temperatures,  thus  precluding  operation  fora  portion  of  the 
altitude  and  Mach  number  envelope,  and 

Z)  systems  that  exhibit  excessive  penalty  for  a  portion  of  the 
allitnd"  Ma.it  number  range,  or  for  certain  flight  patterns. 

An  example  of  the  first  condition  would  be  vapor  cycle  systems 
utilising  a  refrigerant  that  has  a  critical  temperature  below  the  maximum 
sink  temperature  encountered  h,  the  altitude  and  Mach  number  ol  interest. 

Tim  second  condition  can  bo  illustrated  by  air  cycle  systems  that 
could  he  designed  for  any  condition  but  that  may  impose  an  excessive 
penalty  at  the  higher  altitudes  and  Mach  numbers.  Simple  expendable 
coolant  systems  would  require  excessive  weight  for  long -du ration  flights 
and  would  therefore  be  included  in  the  second  category, 

Aire  raft  equipment  cooling  systems  can  be  divided  into  two  basic 
types  closely  related  to  the  flight  design  condition: 

1)  Systems  designed  for  cunlim  „u»  operation 

2)  Systems  designed  for  a  limited  operating  time 

The  usual  air  cycle  and  vapor  Cycle  system*  are  examples  of  .systems 
designed  for  continuous  operation.  Any  e~j>-  ndablc  coolant  system  has 
an  inherent  time  limitation  which  is  proportional  to  the  amount  cf  coolant, 
and  therefore  it  must  be  decigne.’  for  a  limited  perating  time. 
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The  design  of  composite  systems  is  dependent  on  the  tcl>u!  flight 
velocity,  altitude,  and  duration  at  the  various  conditions.  In  general, 
any  combination  system  should  he  designed  to  utilize  each  elementary 
system  in  an  efficient  operating  range,  that  is,  in  flight  conditions 
for  which  the  system  imposes  a  relatively  small  penalty.  The  use  of 
an  auxiliary  system  euch  as  an  expendable  coolant  system  to  extend 
the  range  of  applicability  of  a  simple  ram  cooling  system  is  a  particular 
case  of  a  combination  system  which  could  be  used  (or  a  cruise-dash- 
cruise  flight  in  which  the  major  “cruise"  portion  of  flight  would  be  at 
a  subsonic  or  a  low  supersonic  velocity  with  a  short  duration  "dash"  at 
higher  velocity,  Ttie  ram  temperature  rise,  at  the  high  velocity,  would  - 
preclude  the  use  of  the  simple  system  for  that  portion  of  the  flight. 

On  the  other  hand,  excessive  weight  would  be  required  for  continuous 
cooling  bv  means  of  the  expendable  coolant  system. 

The  analysis  in  sections  V  to  Vtl  gives  an  indication  of  the  flight 
conditions  for  which  combination  systems  may  be  necessary  or  desirable 
and  also  indicates  the  particular  systems  which  would  be  feasible  for 
such  combination  systems. 

Variations  of  the  basic  air  cycle  ar.d  vapor  cycle  cooling  systems 
are  not  considered  as  combination  systems  in  this  report, 

A  combination  of  an  air  cycle  and  a  vapor  cycle  system  with  an  air 
cycle  turbine  driving  a  vapor  cycle  compressor  was  considered.  This 
particular  system  was  dropped  from  fuither  consideration  when  prelimi¬ 
nary  calculations  indicated  relatively  little  mciit  and  a  difficulty  in 
matching  the  vapor  cycle  compressor  power  requirements  with  the  power 
available  from  the  air  cycle  turbine  at  varying  conditions.  It  is  believed 
that  the  recovery  of  thrust  by  means  of  a  centrifugal  air  compressor  i» 
a  more  practical  means  of  utilizing  the  air  turbine  power.  Further,  the 
cooling  of  a  vapor  cycle  conuenaer  by  means  of  cooled  air  from  an  air 
cycle  turbine  did  not  appear  practical  because  of  the  low  pressures  at  the 
turbine  outlet  and  the  heat  transfer  involved.  The  condenser  must  remove 
the  basic  equipment  cooling  load  plus  the  heat  added  by  the  compressor, 

•  This  latter  heat  quantity,  because  of  efficiency  considerations,  will  bo 
somewhat  greater  than  the  amount  of  heat  extracted  by  the  turbine,) 

M'r.y  different  types  of  combination  syst  *n*  have  been  considered. 

The  analysis  indicates  varying  degrees  of  merit  for  the  various  systems. 
Final  judgment  as  to  the  worth  of  a  particular  system  will  of  course  depend 
on  a  specific  application. 
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B,  Raw  Air  Cooling  Syiitom  C omhincd  with  an  Eupt-ndablt  CooUnt 
System 

1.  Panic  Considerations 


For  aircraft  operating  on  a  cruise-dash-cruise  flight  schedule,  a 
«■. ombir.at ion  ram  air-expendable  coolant  system  using  air  aa  the  cooling 
medium  may  be  worthwhile  for  some  application*.  A.  system  of  this 
type  ia  shown  schematically  in  figure  94,  Ope  ration  of  the  system  i*  a* 
follow*:  Under  cruise  conditions,  :am  air  enter*  the  intake  duct,  flow* 
through  the  equipment  component  wherein  heat  generated  by  the  equip¬ 
ment  i*  absorbed,  and  is  then  expelled  through  a  convergent  nozzle. 

For  dash  conditions,  the  exit  duct  is  closed  off  (as  shown  in  the  figure) 
and  cooling  is  accomplished  by  forced  circulation  of  air  through  a 
closed  circuit,  including  the  equipment  component  and  a  boiler  heat 
exchanger,  in  which  heat  ia  removed  from  the  air  by  boiling  off  an 
expendable  coolant.  The  arrangement  of  the  system  provide*  ram 
pressurization  of  the  flow  passages  which  promotes  effective  heat  trans¬ 
fer  and  reduces  pumping  power  requirements;  also,  ram  air  entering  the 
system  to  make  up  leakage  losses  is  cooled  in  theboilcr  heat  exchanger 
before  entering  the  equipment  component. 

In  order  to  secure  efficient  performance  from  a  system  of  this  type, 
several  important  requirements  must  be  met,  including: 

1)  The  equipment  iW-r.ii  comprising  the  equipment  component  must 
be  designed  to  permit  effective  heat  transfer  to  the  cooling  air  at  low 
pressure  drop.  In  the  case  tf  electronic  equipment,  this  goal  can  best 
be  achieved  through  the  use  oi  a  "modular"  construction  in  order  to 
adequately  control  the  airflov/  over  individual  equipment  items.  In  general, 
high  heat  transfer  effectiveness  can  be  achieved  by  provision  of  fins  for 
Increasing  the  effective  equipment  surface  area  for  heat  transfer  and 
by  arranging  the  equipment  so  that  the  cooling  air  flows  over  items  having 
progressively  higher  temperature:  tolerances  in  the  direction  of  flow  and 
leaves  the  equipment  component  at  the  highest  possible  temperature 
compatible  with  effective  cooling  of  items  having  the  highest  allowable 
operating  temperatures.  Pressure  losses  can  be  minimized  by  passing 
the  cooling  air  through  a  number  of  equipment  items  {or  modules)  in 
parallel.  From  the  standpoint  of  cooling  effectiveness,  much  is  to  be 
gained  by  locating  equipment  items  requiring  cooling  in  a  compact 
package,  in  so  far  as  »his  is  possible. 


WAUC  TR  S6-i5J 


167 


FIGURE  94  COMBINATION  RAM  AIR  AND  EXPENDABLE 
COOLANT  SYSTEM 
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2)  Provision  of  an  efficient  ran.  intake  in  the  proximity  of  the 
equipment  component.  In  lone  instances  (c.g.,  for  smalt  high  perform* 
ance  aircraft)  cooling  air  might  be  obtained  from  the  engine  ir.let  duct. 
Generally,  however,  an  individual  inlee  would  be  necessary  for  each 
equipment  packajj, 

3)  For  dash  conditions,  the  cooling  air  should  enter  the  equipment 
component  at  the  lowest  practicable  terr  perature;  otherwise,  prohibitively 
high  pumping  power  requirements  n>a/  result  because  of  the  larg*:  air 
circulation  rate  required.  Therefore,  n'oe  expendable  coolant  used  with 

a  system  of  this  type  must  have  a  fairly  low  boiling  point.  Fortunately, 
the  boiling  point  decreases  with  increasing  altitude,  resulting  in  a 
reduction  of  the  required  airflow  rate  which  compensates  in  part  for 
tho  increased  pressure  losses  at  high  altitude  caused  by  the  reduced  air 
density.  The  relative- mt  rits  and  effect  of  various  properties  of  a  number 
of  expendable  fluids  are  discussed  in  the  portion  of  this  report  on  expend* 
able  coolant  cooling  systems  (section  VII).  For  systems  using  air  as  a 
heat  transport  fluid,  the  expendable  coolan*  must  have  a  relatively  lower 
boiling  point  than  for  a  system  utilising  a  liquid  heat  transport  fluid. 

This  is  beraus*  the  weight  flow  rate  times  specific  heat  (wep)  is  usually 
much  less  for  air  than  for  liquids;  consequently,  air  will  have  a  greater 
temperature  change  and  therefore  a  lower  equipment  inlet  temperature 

tTEi). 

In  as  much  as  the  overall  pcrforirance  of  the  cooling  system  depends 
to  *  great  extent  upon  the  properties  of  she  expendable  coolant  used, 
careful  consideration  must  bo  given  to  the  selection  of  that  coolant.  It 
should  be  remembered  as  pointed  Out  siw  ove  that  this  particular  system 
imposes  more  stringent  requirements  as  to  boiling  temperature  than  do 
other  expendable  coolant  systems  considered  in  this  study. 

In  view  of  the  above  considerations  and  the  general  discussion  in 
section  VII,  the  alcohols  are  considered*  >o  he  the  most  satisfactory 
expendable  fluids  for  use  in  the  ram  air  expendable  coolant  systems  for 
airt  raft  use  whereas  ammonia  may  be  preferable  for  certain  missile 
applications  and  for  the  lower  equipment  temperatures. 
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Anatvii*  of  D.uh  CuMtiSion* 


Umi»  r  >t«cvd  flight  com  din  ana.  corlinj;  it  .khu*\»'iJ  by  forced 
clrc-.Iauon  ox  air  lUrou^h  a  close  l  circuit  including  tb»-  cquipim*  »i  and  A 
he  At  exchanger,  in  which  a  suituMe  expendable  Coolant  \x  boiled  off  in 
or»!i r  tv>  feiv.ove  heat  from  the  c:r°  •tit»?i*  :* * r  { ;co  fij;oic  91)*  The 
initial  step  in  this  Analysis  i*  to  dolrrmim*  the  i-njuiroJ  air  circulation 
ratr*  *x, 

Equating  the  equipment  heat  rejection  rate  to  the  rate  of  heat 
absorpti  on  by  the  circulating  air 

u?A  *  _ 

1 Ee  1  TE« 

!!-••.■  equipment  tr.lct  *crnpe  rature  Tjej  can  ho  expressed  in  terms  of 
conditions  existing  in  the  b-iil-;  i  h->?  •  xchangcr.  Refining  the  boiler  heat 
exchanger  (tftctiveneis  as 

«ba  «  Tc,0 ,j  -  Tei  t»40> 

^bo-t  *  4  bo 

The  equipment  inlet  air  tenr.f  craturs  is 

rEi  *  «“bo  Tbo  *t*  -  «bJ  Tbo-i  <M*I 

aherc  Ty,0  is  the  bailing  temperature  of  the  expendable  coolant  and 
T^0,j  is  the  temperature  uf  the  air  entering  tie  hotter  heal  vxi  hanger. 
Assuming  that  i«-m  air  enters  the  sys’cir.  it  a  rate  tw,  due  to  leakage 
and  as  the  blo'ker  and  motor  also  increase  the  temperature  of  the  air, 

'•  q-j  *  O  -  »«  -£g  h  «T-f  »  J.?i>  tPt> 

’M  wa 

By  making  u»c  of  the  above  equations,  the  expvotsicn  for  the  required 
airflow  rale  cm  he  written  i«a  lhi«  form: 

».h9"Vw  »  -  c>.0)  _ _  <  l 4 5) 

Tt>  *  ‘•ho  Tbo  -  (  1  -  (1  -  ,.)  T^t  ♦  i  *1 

The  required  expendable  coolant  is 

*txp’  ItOO  Du  (scnli  1  fbo-i  4  Ei)  l'-4"4) 

L. 
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Referring  to  Appendix  I.  the  weight  of  an  aluminum,  extended-surface 
boiler  heat  exchanger  it  given  by  the  expression 

1  31?  -0  3!? 

wbc  *  1.42  Hvi  ♦bo*  046-1 

where  is  a  function  of  the  heat  exchanger  effectiveness  *bo  and  ♦bo 

i»  a  pressure  lore  parameter  which  it  related  to  the  prrstarr  drop  of  air 
flowing  through  the  exchanger 

AP  »  5b«  ♦bo  (147) 


Eqjtt'.cn  (146)  it  plotted  verso*  ♦bo  is  figure  fc)  .‘or  seve.-al  value*  ot 
exchanger  effectiveness.  The  boiler  heat  exchanger  i*  illustrated  sehe- 
Tv.atically  in  figure  60,  Ram  air  entering  the  system  to  make  up  leakage 
losier  causes  a  momentum  drag; 

6>mom"  44,  Maw,  (148) 

The  blower  pressure  rise  factor  (&p/pi)q|  is  related  to  the  pressure  losses 
in  the  boiler  heal  exchanger  and  the  equipment  component  (neglecting  the 
minor  ducting  losses)  by  this  equation: 


fifl- 

“'a  — 


jMjpM 

rprjboj|  pr/F. 


Valae*  of  (  /p;>iJO  nr,  a  {  appearing  in  this  equation  cin  be  determined 

in  cilhcr  of  l wo  ways  <  l)  thc.>c  pr csiure  loss  ratios  can  be  treated  as  design 
variable*  and  assisted  arbitrary  value*  irdeper-ccut  of  altitude  and  Mach 
number  or  *2}  *hey  an  be  a**i^ned  specific  values  for  a  particular  design 
altitude  Mach  nunbe r,  Li  the  latter  case,  the  pressu.e  dr'ip  and  boa; 
l  ran *f**r  effectiveness  for  both  the  heat  exd.;ir.;**r  and  ihc  equipment  compo* 
neat  must  be  dote rmined  in  terms  of  airflow  ,  pressure  level  and  mean 
<4*rr.po  rature  for  "off- Jc si^n*1  cOr.  !*♦»'>!*,  This  approach  is  of  *oursf  more 
rrpr«  se-.t:iiivc  of  the  performance  of  an  actual  system  'which  ;  ;  st  operate 
over  a  *-<ie  ).\n^e  of  flight  conditions  with  -'ixed  income  ry*  Tv  analysis 
of  off -design  condition*  i*  d i  btumi!  below. 
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lifting  data  (runt  reference  l(  the  required  cha.fi  power  and  weight 
(or  an  efficient  centrifugal  blower  operating  at  approximately  60%  of 
maximum  capacity  are 


»Pa  *  87.4  0Bi  wa  (Ap/Pi)B  ‘ 

wB  a  o.m  wj.*  oRiYapV0** 
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where  9fjj  denotes  blower  inlet  conditions.  As  shown  in  section  V,  the 
weight  of  an  a-c  motor  plus  the  additional  generator  weight  required  to 
supply  power  to  the  motor  can  be  expressed  as 


Wbm*  *  ♦  3.1  !Pa 


(152) 


In  evaluating  the  performance  penalty  imposed  on  the  aircraft  by  the 
cooling  system,  the  effects  of  momentum  drag  and  required  electrical 
power  are  expressed  in  terms  of  an  equivalent  weight  as  described  in 
section  111,  The  total  effective  weight  of  the  cooling  system,  for  evaluation 
of  the  aircraft  performance  penalty,  is  found  by  adding  the  actual  or 
equivalent  weights  for  each  item.  The  evaluation  average  weight  for  the 
expendable  coolant  is  equal  to  the  mean  expendable  coolant  weight, 

Wexp/2  plus  the  weights  of  storage  container,  piping,  etc.  Assuming 
the  latter  amounts  to  20%  of  the  initial  coolant  weight,  the  net  weight 
which  can  be  attributed  to  the  expendable  coolant  is 

Wexp*0.?Wexp  (153) 

where  Wexp  is  found  from  equation  ( 145),  In  addition,  the  weight  of 
ducting  required  for  ram  cooling  during  cruising  conditions  must  be 
Included,  This  is  discussed  subsequently  under  the  cruising  condition 
analysis. 


For  high  speed  flight  conditions,  the  equipment  cooling  system  is 
pressurized  by  the  ram  pressure  rise  at  the  diffuser  inlet  (sec  figu.*e  94), 
Assuming  a  normal  shock  entry,  the  inlet  total  pressure  p^.  can  be 
expressed  by  the  relationship  (reference  23): 
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F*;>  V.U  .plotted  in  figure  6<t  fu?  f'lunH  'tiffuser  r:?:cicncy 

*  •  >  iV  -  r-u-A  preSHurr  rise  based  upon  the  above  •notation 

va  ai  r«. «  ■  -  too  reasonably  efficient  leading  edge  or  none  inlet. 

Sin  :■  »m  p  ;<.j-i/.ation  becomes  very  important  to  the  operation  of 
the  li:ig  tv  tern  at  high  altitudes,  an  iatet  with  poor  pressure  recovery 
wo  1*!  everffi  urT.it  the  performance  of  the  system, 

C  off-dc  ..•vlitiona,  the  effectiveness  e;JO  and  the  pressure  loss 

fa  •  (Ap/p'‘  »  end  (APM’j)E  •»«sl  6c  computed  before  the  analysis 

df  <ed  al»ov  un  he  carried  out.  Generally,  the  heat  transfer 
e;  .-o''  .eness  t  .  'heat  exchangers  involving  a  single  flowing  fluid  can 
h«  ,•  crossed  i  ;  tv  rms  of  the  fluid  flow  rate,  w,  as  follows: 


-  exp 


i  the  prim  ' 
enl  j  depe- 
given  cor 
a  ltd  to  the 


(r,s) 


"lantilies  an*  considered  to  he  design  values.  The 
upon  the  characteristics  of  the  heat  exchanger  core, 
i  is  a  known  (positive)  constant.  The  parameter 
iii/n  effectiveness  e’  through  the  relationship 


- 1  n  ( I  -  o’) 


(156) 


i  equation  (L  '  it  is  apparent  that  the  effectiveness  dec  reus***  with 
...  asing  How  and  vice  versa.  Strictly  speaking,  the  preceding 

•options  are  vati.  July  when  heat  transfer  occurs  from  the  flowing  fluid 
•  isothermal  *u  »ce.  This  condition  13  closely  approached  in  the 
i.i*  r  heat  excha.r  •  -  because  of  the  relatively  high  boiling  heat  transfer 
■  ficient  on  the  uv  ide.  The  pressure  drop  factor  for  heat  exchangers 
usually  be  erpri  .  •  ith  sufficient  accuracy  in  the  form 


AP*  Vl&Vl- 


(157) 


*  ‘PW 


t  vided  that  turhm'  l  flow  is  maintained  and  the  pressure  drop  remains 
»  •  ill  relative  to  ttd.r  i  itial  pressure. 


The  analysis  ud  o 
rificient  accuracy  fer 
7).  The  require  d  ’  . 
••  3).  ( 1 55) ,  and  «Ar>6;. 
design  values  by  apt 
>  i  be  ignored  over  th 
:  -  expendable  couilant 
i  lely  with  change  n  in 
net  upon  the  ove.r”ll 
■  ions  a  re  discus  t  ed 


■sign  flight  conditions  can  he  carried  out  with 
in*  present  purpose  by  using  equations  flSS)  to 
rate  wj|  is  first  formed  from  equations 
en  (Al>/|»  )bu  •'n,;  aro  fo"-'-’  b  .  .. 

-g  equation  11*”'  •• .  ,>ctiC«,  changes  ;n  ej- 

;♦«  *  ...».low  rales  encountered  with  the  »• 

hys<  :m.  However,  the  pressure  loss  f.-.ch  - 
altitude  and  Mach  number,  with  an  -pp r>  .  i. 
systvi  \  purfoimance,  Result;.  of  off  u>* 


Bsst  Nteite  ttw 
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Cooling  lokd 

k*  ■  JO  at  TEe  •  Z?ST 
Dash  \M  *  ».*  at  60.000  feet) 

V\  »  W.O*)  and  w4*  »  U,4M»  (b/*sc 


<?ho»  0.')  at  i^p/pjJbo3  0.0^  *>'d  «a‘  '  O.Zfefe  lb/»«c 

t 

/AP\  *  0.0124  WjJj®  equation  wi^  «]»  5.6 

\-STJf.  <VtF-»  | 

Crui.<2  (M  a  1.4  at  00.000  ft**', 

w^  *  0.  40  lb /see  | 


a  0.04 


-4t»  12  It 


It  addition  to  tHJ  tbove  data,  a  total  leakage  ar«t‘a  of  0.075  in®  was 
assumed,  correup  ••clog  to  t  a  0.  1  for  sea  level  flight  at  M  »  1.2.  Also, 
the  weigh.’  ..f  '.be  blower  motor  and  the  :ncr«a's?d  genoteior  weigh*  rc« 
q»r rod  io  supply  p.v.-cr  ?•>  tho  blower  (equation  ’54)  veie  determivjd  for 
ihs  M  -■  ,3  at  ?iI,v*h:  'T>hia  orablei  ‘.be  eoolinjj  system 

•  on;  'ate  at  7C  i  loot  for  M  -  1.8  or  greater. 


TV  ’  *  teni!»OR»*rl  pressure  urop  of  \£f*/f'i)C  *  9*05  at  w-A  •■* 

0.2b'-  for  sue  design  ce'dU  on  (M  »  l.f>  at  bO.OOO  in  equivalint  to  a 
re c sure  drop  o?"  2  inches  u;  water  .'*■?  *.'.e  i.'rne  .’ir>  ■  «ate  uni,'r  standard 
♦in  level  condition*.  The  flow  rale  of  wA  s  0.  eoc  cor  reap -ad a  *\»  '.ho 
required  flovi.rate,  determined  by  using  rq-atio*.  (145),  fi-  cot-1,  ng 
•■vj.tere.  vuiug  >  'hv'  '*«  «iu.i  n  !'••>  expendable  ccalant,  The  .''Joel*:  of 
<-han;  •;  in  i'ii  **■«  diauusseo  n.>  i-quently, 

Chat  .i  t  u  •‘.-•c  .ftcc.iv-'  weight  >vi;ahy  .if  the  'am  li'.*- vv-c.-ndaN 

coolant  system  with  c  than  o’  coolant  Tho  effect! /•»  weight  r.  :c.Miv  for  in 
vthyl  alcohol  system  'va *  determined  as  r.  Junction  af  Mach  .ocr  Hn»i 
~!iihui«-  for  the  above  conditions,  using  the  me  thou  of  analysis  present.  <1 
above,  The  results  are  shown  in  figure  for  Du  *  t  !>r  and  figure 
9 i-  for  1/u  =  J /2  hr. 


;u 
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FIGURE  EVALUATION  AVCRA  CE  WEIGHT  Of  ARAM  AIR  COOLING 

SYSTEM  COMBINED  WITH  AN  ETHYL  ALCOHOL  EXPENDABLE 


COOLANT  SYSTEM  (D  ASH  DURATION  1/2  hr) 
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_  r  r  J »  i  w<ta  ass  tin 

For  cruising  condi  id  ,  ... 

.  ,  ill.  P?  *'olant  could  be  bas 

due  to  the  expendable  e  It*  ..  . 

Weight  given  by  cquatit 'Eg,  ' 

...  ...  JH  in  effective  weighi 

The  rapid  mcrear  ft  .  .  M 

...  ,  .  ,  •  W  etudes  is  the  resul! 

Mach  number  at  low  a  k\  ,.  .  , 

,  .  ,  ,  .  .  El  imposes  both  a  nr 

caused  by  leakage  who  tti  .. 

,  .,  ,  ,  -or.  the  cooling  syst 

creased  cooling  load  «  Rtf  ...  ‘  . 

.  .  .  ,  ,  ■  ft V1'  uf  **»«  ridutfa  ra 

at  high  altitudes  _ecau.  led  ..  .  . 

the  blower  power 

speeds  which  increase*  wi\ 

98),  1\ 

_..  .  .  of  methyl  alcohol 

The  relative  merits  \\ 

.  .  .  ,,  ,&\ e  weight  standpn 

coolants  from  the  effecti  ... 

,  ...  .  lhe  compara 

the  conditions  listed  .ibov  •.%> 

....  .  c.l  are  shown  :n 

penalties  for  thece  coolant:  Vst  .  ,  ,,  , 

.  ,  ,  .  and  Du  *  1/2  1 

at  an  altitude  of  bO.OOO  fee-  ,  ..  ,  . 

.  ,  .  .  .  Mach  numl 

biowor  power  with  altitude-  a  \\ 

.  ,.  .  „„  V\er  power  rc 

m  figures  9?  ar.d  98,  The  uov\X 

®  .  ,  .  „ .  \Y  ‘mperatur 

results  from  the  lower  boding  v\.  , 

.  ,  ,,  ,  ,  '  W  ssure  lo> 

rcuucod  flow  rate t  and  lower  prv.V\  .  0  05 

<AP/Pi)f:  thc  value  t  £,* ‘  ^  * 

figure  100  for  the  dash  condition  M  K'vNkT  . 

^  p 

being  equal,  the  system  effective 
lional  to  the  cooling  load.  The  weight 
allowable  equipment  cornpsment  exit  tcmpVw 
temperature  tolerance  for  the  hottert  equips. 


ft  ions,  :t  was  assumed  tn,i  ef.’-rtive  w  .ight 
Jc  .•edant  could  be  based  upon  the  me,  *  exnr  idahle 

I®  in  effective  weight  penalty  with  increasing 
S  etudes  is  the  resuH  of  ram  air  infiltration 
)  -h  imposes  both  a  momentum  drag  *r.d  an  in- 
S  -or.  the  cooling  system.  This  trend  is  reversed 
c  of  the  reduced  ram  pressurization  at  low 
»U  the  blower  power  requirement  (figures  97  and 

I 

of  methyl  alcohol  and  ethyl  alcohol  expendable 

weight  standpoint  have  been  examined  for 

.  .  The  comparative  cooling  system  weight 

are  shown  in  figures  99  and  lOOfor  flight 

and  Du  a  1/2  hr.  The  variation  in  required 

*\\'d  Mach  number  for  the  coolants  is  shown 
ti  ♦*"  •  \  % 

W e r  power  rcuui  rcn.ent  for  xnethvl  alcohol 

u  ov  VX  .  ,  .  „  .  ,  *.  . 

.  tl .  *m per. *itar«*  of  Mil*  fund,  permitting 

\YV  fisur4%  looses,  Tt  c  eff  ects  of  chancinc 

A«ty^  j*  vj  a*  m  \  r  a 

.  ,  *.v  v^V  0.05  siv:n  rliwt  are  shown  in 

G*’"  .***  ^  •  \X.  t.6  at  SO  Oi'O  feet,  Other  things 
indction  M  .  . 

.xVA.  penalty  is  essentially  proper* 
effective  we i CvnV  '  , 

A  hl  \4itv  c  or  ,vait»j>  with  rnATPil 


idlty  dcc  -vaser  with  increased 
j.-ature,  i.e.,  with  incrcan  *g 
Or  ‘or.t  items  bein-;  cooled. 

COuJv.n  :\steiri  effective 


Because  of  the  relatively  small  variation  Vwb  ,  1  .'. 

■  %_ ,  ...  .  .  ....  ,  ,  ..  VW  tuniao »  i.x or  the  rimge 

weight  penalty  with  change*  m  altitude  and  MacM\  ^  ^  ^  ^ 

of  conditions  considered  herein)  as  shown  in  figun \v 

x.  VI  "  c.»  COTS 

ethyl  alcohol  system,  the  results  discussed  above  A^X 
fairly  representative  of  the  individual  effects  of  the  S« 

abies  over  the  full  range  otf  flight  conditions  shown  ir.  i\ '*0, 


n«t  rt-inj  as  snown  in  tigur* 

considered 

:  results  discussed  above 

he  individual  effects  of  the  R  ™  V%r‘’ 


5.  C oncluaions  With  Placard  to  the  Rarn  Air  <  ^>oi i.v  J\. 
Combined  With  an  Expandable  Coolant  Systetu. 


From  the  foregoing  res  ells,  the  following  rbs'-rvahons  -t  -n  oc 
with  regard  to  the  perform.ii.nce  and  possible  vplicalion  of  the  .». 
expendable  coolant  cooling  s  ystem: 
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Hor««  P«*»  •' 


figure  9?  bloc*  i  .'o  *#:a  versus  mach  number  for  a  ram 

AIR  COOLING  SYSTEM  COMBINED  WITff  AN  EXPENDABLE 
COOL A Vi  SYSTEM 


FIGURE  98 


V  TR 

X 


BLOWER  POWER  VERSUS  ALTITUDE  FOR  A  RAM  AiR 
COOLING  SYSTEM  COMBINED  WITH  AN  EXPENDABLE 
COOLANT  SYSTEM 
■J5J  179 
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FIGURE  99  EVALUATION  AVERAGE  WEIGHT  VERSUS  MACH  NUMBER: 

OF  A  RAM  AIR  COOLING  SYSTEM  COMBINED  VtLTtt  Ail 
EXPENDABLE  COOLANT  SYSTEM 


FIGURE  100  EVALUATION  AVERAGE  HEIGHT  VERSUS  EQUIPMENT 
PRESSURE  DROP  OF  A  UM  AIR  COOLING  SYSTEM 
COMBINED  WITH  AN  EXPENDABLE  COOLANT  SYSTEM 
WAuC  TR  Sb-JSl  ISO 


1)  The  system  orov.  »  ''.joling  at  rrUtivrty  low  penalty  Jar  both 
•lakh  ;»no  entire  cot  ’lion  '•  •*  *  total  dash  duration  on  the  order  of 
one  hour  or  lc««.  The  m<  »  advantageous  arplic^tion  would  hr  lor  flight 
schedules  involving  lorg  cruise  duration  at  speeds  up  to  M  ■  J  ,  4  (above 
•10,000  feet)  coupled  with  comparatively  short  dash  .’ll.  ration, 

£)  Roth  methyl  al.thol  and  ethyl  alcohol  appear  to  he  x»  sfactory 
as  expendable  coolants  with  the  former  having  an  appreciable  superiority 
because  of  its  higher  Iate.it  heat  of  vaporisation  and  lower  boiling  point. 

3)  This  coulinp  *■  »c  well  adapted  to  individualize  applications 
where  ««v'  Vw’.  re*,1  T  »**--d  equipment  packages  require  cooling. 

•1)  Because  of  the  rcla'l.ely  lot*  inlet  torn,  evatnr:  •*  the  cooling 
air,  a. cooling  systeit  o!  th.s  type  •*>?  •. ffcctively  cool  ♦  . :n»-  •.  ut  item* 

having  low,  as  well  as  medium  and  high,  temperature  -  ran  •  <  • , 

*»)  The  a;r-cooled  package  could  be  designed  pen  easy 
access;  also,  the  cooling  system  is  not  highly  vulner-  >  ‘  ••  .  dt’c 

damage.  Ram  air  constitutes  a  v«ry  dependable  source  of  cooling  for 
cruise  conditions, 

f>)  In  the  final  analysis,  applicability  of  the  system  depends  upon 
design  provisions  for  effective  ceding  of  heat-generating  equipment  by 
moans  of  airflow  with  moderate  pressure  drop,  together  with  proper 
distribution  of  the  air  to  the  individual  items  requiring  cooling.  Small 
auxiliary  blowers  could  be  employed  where  necessary  to  facilitate 
proper  airflow  distribution  in  the  equip... ent  component. 

T )  It  is  quite  important  that  the  equipment  component  (and  ducting 
for  the  closed  circulating  system)  be  well  sealed  against  leakage  to 
prevent  ram  air  infiltration  at  high  speeds. 

C,  Simple  Air  Cycle  Cooling  System  Combined  With  an  Expendable 
Coolant  System 


The  simple  air  cycle  analyzed  in  section  VI  of  this  report  can  be 
designed  to  provide  relatively  efficient  cooling  for  flight  at  Mach  numbers 
up  to  1 .  f>  except  at  low  altitudes  or  altitude?  above  CO, 000  feel.  For 
flight  above  M  *  1,C  or  H  *  Cti.OOO  feet,  the  total  equivalent  weight  im¬ 
posed  by  the  simple  system  becomes  excessive,  A  means  of  reducing 
the  total  equivalent  weight  for  those  cases  where  the  flight  time  at  the 
dash  condition  is  relatively  short  is  provided  by  adding  a  boiler  heat 
txchanger  and  an  expendable  coolant, 
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1.  Basic  C e-> s idtralions 


A  simple  air  cycle  cool.ng  svsiem  combined  with  an  expendable 
coolant  system  i*  illustrated  >c  hematic  ally  in  figure  71.  The  inllowtns 
ara'.ykii  would  likely  require  modification  before  applying  it  to  a  different 
configuration.  A  system  of  thi*  type  can  utilize  water  a*  the  expendable 
coolant  because  the  boiling  takes  place  before  the  turbine  .alrt  and. 
consequently,  is  a"  a  hign  lerr.pv  future,  The  system  would  base  to  he 
d.-»i-ncd  to  prevent  dsmajc  should  freezing  occur  a.id  to  assure  a  seif¬ 
thawing  unit,  e.g,,  by  having  the  water  container  located  so  as  to  be 
ilaiwcd  out  by  bleed  air  if  frozen. 

The  amount  of  sir  that  must  be  bled  from  the  turbine  compressor 
is,  in  terms  of  the  equipment  exit  temperature  and  inlet  temperature, 

w-fc  a  1.  95kw 

rEe  *  TEi 

!r.  this  case,  the  equipment  inlet  temperature  is  again  equal  to  the 
turbine  exit  temperature  but  the  turbine  inlet  temperature  is  reduced  K» 
the  heat  of  vaporization  of  the  expendable  coolant  th.it  is  boiled  ots. 

That  redaction  in  temperature  is 


T  ■  L  W 


’  "  exo 


The  required  bleed  air  rale  is  then 


S.'lokw 


-  riru» 


■- r re  X  »  l  -  \  (1  -  r'°'*6fc> 


,  *  0  St.5  t 


or,  in  term*  of  the  bleed  rate  without  an  expendable  coo’ut.t. 


■»b  »  (wb) 

WPXp  ■>  0 
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The  temperature  of  the  turbine  exit  *»nd  equipment  fc  *t)  wjtt  not 
he  permitted  l«.  drop  below  12*F.  THie  stimulation  »»  made  to  preclude 
the  possibility  of  an  ic  in  g  problem  at  the  turbine  exit  and  in  <*.  jct»  from 
the  turbine  to  the  equipment.  With  this  assumption.  just  enough  water 
«;ii  be  boiled  off  to  secure  a  turbine  inlet  temperature  such  that,  W’th 
the  available  pres*  ire  ratio,  the  turbine  exit  temperature  in  at  12*F, 


It  should  be  no  cd  t'tat  with  the  above  assumption,  since  the  equip¬ 
ment  exit  tempt  rat"  re  is  laVcn  as  an  independent  variable  of  analysis, 
the  bleed  rate  will  be  constant  .as  indicated  by  equation  (92),  The 
amount  of  expendable  coolant  that  must  be  provide)  will  depend  on  the 
dash  duration  and  the  reduction  of  temperature  necessary. 


W„p  »  8tS  l 


3.9ikw  -  wb[jE« 


L  X 


(lb4, 


2.  Re sulta  of  the  Analysis 


The  evaluation  of  the  simple  air  cycle  combined  with  an  expendable 
coolant  system  ie  similar  to  the  analysis  of  the  srrcpb;  air  cycle  systems 
tn  so  far  as  the  air  cycle  portion  is  concerned  except  for  the  reduced  air 
bleed.  In  addition  to  the  weight  and  air  bleed  of  the  air  cycle  system, 
the  combination  system  imposes  an  additional  weight  by  virtue  of  the  toiler 
heat  exchanger,  the  task  and  lines  required  for  the  expendable  coolant  and 
the  coolant  that  must  be  carried  aboard  the  aircraft. 


These  systems  are  evaluated  or.  the  basis  of  an  evaluation  average 
weight  defined  as  the  sum  of  the  total  equivalent  weight  of  the  air  cycle 
portion,  the  weight  of  the  V  jiler  heat  exchanger,  and  0,6  of  the  weight 
of  expendable  coolant  required  for  the  dash  portion  of  the  flight. 

W«v-a  *  WT-eq  +  Wv,0  *  C.fW^p  (lfcS) 

The  systems  have  been  evaluated  or.  the  basis  of  a  dash  time  of  one 
hour  for  a  cooling  load  of  10  kw.  Because  of  the  assumption  that  the  turbine 
exit  temperature  is  3J*F,  the  weight  of  expend::'-. 1 coolant  as  given  by 
equation  (164)  will  be  aero  for  any  condition  for  which  the  pressure  ratio 
and  heat  exchanger  characteristics  are  such  that  the  turbine  exit  tempera¬ 
ture  for  the  simple  system  ie  For  such  conditions,  a  simple  air 

cycle  cooling  system  of  the  assumed  design  is  therefore  adequate  for 
continuous  cruise  cooling.  A  system  that  will  provide  cooling  for  one 
hour  at  specified  conditions  will  pmvide  continuous  cooling  for  somewhat 
Ir  as  stringent  condition*.  It  is  assumed  ir.  all  calculations  that  water  is 
to  be  used  as  the  expeno.ihlc  coolant  because  of  it?  high  latent  heat  of 
vaporization. 
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Thu  evaluation  average  weights  of  the  lunpic  air  cycle  combined 
with  an  ex|)tn(liHte  coolant  lyakm  ouch  Ac  llloitrof'd  in  figure  71  have 
been  determined  for  a  broad  range  of  condition*.  The  assumed  opcratli  « 
conditions  are  equipment  exit  teir perature ,  Tr*  ■  275 *F,  cooling  load, 
kw  a  10,  daih  duration,  tat  hr.  Condition*  arc  therefore  the  tame  a* 
for  the  simple  air  cycle  discussed  previously  except  for  the  limited  flight 
time  which  applies  to  any  system  utilising  an  expendable  coolant. 

The  total  evaluation  weights  are  plotted  versus  Mach  number  in 
figures  101  and  102  for  drag  equivalent  weight  factors  of  two  and  three 
respectively.  The  amount  of  expendable  coolant  that  must  be  boiled  c'f 
for  various  conditions  is  indicated  ia  figure  101,  The  variation  of  evalua¬ 
tion  average  weight  with  altitude  is  shown  in  figure  104,  Figures  105  and  10b 
indicate  the  operating  limits  for  simple  air  cycle  rooting  systems  combined 
with  an  expendable  coolant  system.  The  expendable  system  in  each  case 
is  designed  for  a  one-hour  dash  at  the  specified  altitude  and  Mach  number. 

In  this  case,  as  the  expendable  coolant  is  used  to  cool  bleed  air,  the  dash 
flight  conditions  are  an  important  factor  as  indicated  by  figures  101  to 
106.  In  <  .r-nret,  the  simple  air  cycle  combined  with  an  expendable 
coolant  Is  different  from  other  expendable  coolant  system*  in  wnich  the 
expendable  coolant  is  used  more  directly  to  cool  equipment  snd  the  amount 
of  coolant  required  is  therefore  essentially  independent  of  flight  conditions. 


*■  Conclusions  With  Regard  to  Simple  Air  Cycle  Cooling 
Combined  With  Fxcendablc  Coolant  Systems 


1)  The  combined  system  maintains  the  general  characteristic*  of  the 
simple  air  cycle.  For  dash  times  of  approximately  one  hi  jr,  the  variation 
of  the  evaluation  average  weight  with  Mach  number  and  with  altitude  is 
similar  but  reduced  by  a  very  significant  amount  for  conditions  lot  which 
the  simple  air  cycle  imposes  a  high  total  equivalent  weight. 


£)  The  smaller  equivalent  weights  are  primarily  due  to  a  reduction 
iu  bleed  and  ram  airflow  requirements. 


1)  The  combination  system  is  a  simple  means  of  extending  the  short 
time,  high  speed  dash  capabilities  of  the  simple  air  cycle  system. 
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EVALUATION  AVERAGE  WEIGHT  OF  A  SIMPLE  AIR  CYCLE 
COOLING  SYSTEM  COMBINED  WITH  A  WATER  EXPENDABLE 
COOLANT  SYSTEM  »-2| 
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FIGURE  102  EVALUATION  AVERAGE  WEIGHT  OF  A  SIMPLE  AIR  CYCLE 
COOLING  SYSTEM  COMBINED  WITH  A  WATER  EXPENDABLE 
COOLANT  SYSTEM  (I-J) 
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FIGURE  *0* 


WaTER  requirements  for  a  SIMPLE  AIR  cycle 
cooling  system  combined  with  an  expendable 
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FIGURE  104 
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AVERAGE  WEIGHT  OF  A  SIMPLE  AIR 
C  YCLt,  COOLING  SYSTEM  COMHtSlEo  WITH  A  WATER 
EXPENDABLE  COOLANT  SYSTEM 


FIGURE  105  COOLING  SYSTEM  OPERATING  LIMITS  FOR  A  GIVEN 

TOlAL  equivalent  weight  for  a  simple  air  cycle 

COOLING  SYSTEM  COMBINED  WITH  A  WATER  EXPENDABLE 
COOLANT  SYSTEM  ((  * 


UI 
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FIGURE  106  COOLING  jYSTEM  OPERATING  LIMITS  FOR  A  GIVEN  TOTAL 
EQUIVALENT  WEIGHT  FOR  A  SIMPLE  AIR  CYCLE  COOLING 
SYSTEM  COMBINED  WITH  A  WATER  EXPENDABLE  COOLANT 
SYSTEM  II  •  J> 
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l>,  SuiUvi;  Hut  r«thdn,;f  r  Combmrd  With  An  E\ptnl«Ut  CathM 

Cc-'.„i);  £>  -tem 

One  <4  the  combination  cooling  n^ktrmt  intlytcii  in  this  ituiy  it 
coiv.(>runi  of  a  H< it  transport  fluid  lytUrn  *iA  a  surface  heat  exchanger 
aid  an  expendable  coolant  iytictn,  Such  a  iy»tin  is  applicable  for 
cruise  flight  conditions  up  to  Mach  l,^  and  fo»  any  dash  cmnldion  of 
'.united  duration. 

1.  Gene  ral  Consideration* 


The  •urfa-e  <•  .vhan^i-r  ha*  bvcn  Anil)r»‘<i  in  a  m  inner  rnlirt*  »» 

analogous  to  that  used  far  tne  surface  condenser  ar.d  heat  exchangers 
AS  scribed  in  section  V  of  this  report.  Essentially  the  tatnc  assump¬ 
tion*  lave  been  made. 

The  weight  of  the  surface  heat  exchanger  is  primarily  dependent  on 
the  area  arid  on  the  material  and  type  of  constr  iction.  As  with  a  con¬ 
denser,  the  heat  transfer  coefficient  on  the  inside  of  the  passages  is  very 
large  compared  with  the  external  neat  transfer  coefficient.  Therefore 
the  resistance  to  heat  flow  i*  essentially  determined  by  the  external  heat 
transfer  coefficient. 

A  detailed  analysis  of  this  type  of  heat  exchanger  is  included  in 
section  V  on  vap<*r  cycle  surface  condensers.  The  weight  of  the  surface 
heat  exchanger  is 

W,..q  x  f  t  C  V  c  (lfcfc) 

>>o<TE,.  -  Tr> 

where  Fg  S  hn  (sri  ♦  »)  <TEc  -  T r)  ln/TKr  -  T Y\ 

U  (»d  *  *>  ‘fE<  -  TEi>  ^TEi  -  Txj 

The  constant  C  in  equation  flbfe)  includes  the  weight  per  square  foot  and  a 
factor  to  convert  V.w  into  Blu/hr,  Note  that  in  this  case  the  heat  exchanger 
inlet  temperature  is  equal  to  the  equipment  exit  temperature  and  the  heat 
exchanger  exit  temperature  is  equal  to  equipment  inlet  temperature,  hence 
the  terms  Tge  ar.d  Tg;,  If,  as  is  often  the  case  for  relatively  high  fluid 
flow  rates,  the  fluid  temperature  change  fTEe  -  TEj)  is  small  in  comparison 
with  the  difference  between  the  recovery  temperature  and  the  fluid  exit 
temperature  (TEe  -  Tr),  then  assuming  th.it  U  is  approximately  equal  to 
h0  ar.d  that  the  fin  effectiveness  is  approxiir.ately  one,  the  factor  F<j  will  be 
only  slightly  greater  than  one.  Tile  weight  of  a  surfuee  heal  exchanger 
can  then  be  approximated  by  the  equation 
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Cu  ■Kiiim  (  l tj 7 )  m.iy  be  uiM'd  (or  initial  calculation*  and  at  in  indication  of 
effect*  of  fhc  various  factor*. 

The  surface  heat  exchanger  portion  nf  this  cooling  system  can  provide 
cooling  for  any  flight  velocities  for  which  the  recovery  temperature  it 
•  efficiently  below  <he  exit  temperature  oi  the  equipment,  the  difference 
required  is  dependent  on  area  and  on  the  heat  transfer  co-fficienl.  The 
surface  area  required  is,  *i  h  the  same  assumptions  used  in  equation  (167), 

A„,.s*  0  ( 163) 

ho<fE«*Tr| 

The  required  area  for  surface  heat  exchangers  is  given- versus  Mach 
number  for  various  altitudes  in  figure  l!2. 

Cooling  of  equipment  c.-.n  he  achieved  with  this  type  of  cooling  system 
without  excessive  areas  tar  cruise  up  to  Mach  1.6  at  the  higner  equipment 
temperatures.  The  da*'.,  flight  mutt,  of  course,  be  limited  in  duration, 
the  time  depending  oft  the  expendable  coolant  used  and  on  the  initial  weight, 

2,  Results  of  the  Analysis 

A  schematic  diagram  of  the  system  usino  a  water-ethyl  alcohol  solu¬ 
tion  as  the  expendable  coolant  and  as  the  heal  transport  fluid  is  illustrated 
schematically  ;n  figure  107,  The  system,  modified  for  the  use  of  water 
as  the  expendable  coolant,  is  shown  in  figure  108.  The  weights  of  surface 
heat  exchanger  and  expend. ‘-le  coolant  combination  tywtems  designed  for 
a  10  kw  cooling  load  are  plotted  versus  dash  time  for  various  conditions 
in  figures  109  mid  1 10  for  water  and  in  figure  111  for  a  water-ethyl  alcohol 
solution.  The  approximate  required  surface  area  is  plotted  versus  Mach 
number  for  equipment  exit  temperatures  of  160',  210*,  and  £7i'F  in 
figure  112,  The  cruise  conditions  for  which  the  various  systems  will 
provide  continuous  cooling  are  specified  on  the  figures. 


no 
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FIGURE  10?  SURFACE  HEAT  EXCHANGER  COMBINED  WITH 
WATER  EXPENDABLE  COOLANT  SYSTEM 


FIGURE  lOi  SURFACE  HEAT  EXCHANGER  COMBINED  WITH 

WATER-ALCOHOL  EXPENDABLE  COOLANT  SYSTEM 
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FIGURE  109  EVA  Hi  A  HOH  AVERAGE  WEIGHT  OF  A  SURFACE  HEAT 
EXCHANGER  COMBINED  WITH  A  WATER  EXPENDABLE 
COOLANT  SYSTEM  (CRUISE  MACM  HO.  •  l.S| 
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FIGURE  110  EVALUATION  AVERAGE  WEIGHT  OF  A  SURFACE  HEAT 
EXCHANGER  COMBINED  WITH  A  WATER  EXPENDABLE 
COOLANT  SYSTEM  (CRUISE  MACH  NO.  a  1} 
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FIGURE  III  EVALUATION  AVERAGE  WEIGHT  OF  A  SURFACE  HEAT 

EXCHANGER  COMBINED  WITH  A  WATER -ETHYL  ALCOHOL 
EXPENDABLE  COOLANT  SYSTEM  ICRUISE  MACH  NO.  ■  I.5» 


FIGURE  112  SURFACE  HEAT  EXCHANGER  AREAS  VERSUS  MACH 
NUMBER 
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K  Ccr.clu>!to>  With  Rn4til  t«  3iii(*c«  Ht»l  tiwlmn«» 

ExjifBilAiilf  Coolant  Sy»>mm 

The  following  conclusion*  can  he  drawn  from  the  preceding  analysis; 

iy  The  surface  heat  exchanger  combined  with  an  expendable  coolant 
provides  an  efficient  means  for  cooling  aircraft  equipment  provided  that 
the  required  surface  area  is  available. 

2)  The  evaluation  average  weights  are  under  100  pounds  for  dash 
times  of  up  to  one  hour.  The  weights  do  not  include  the  heat  transfer 
surface  at  the  equipment. 

3)  The  system  weight  is  not  greatly  affected  hy  the  dash  flight  condi¬ 
tions  unless  heat  is  transferred  to  the  store  ’  fluid  and  lines  from  the 
surroundings, 

']  The  irr.por- r  a  «  ma  1 1  surf.-ier  drag 

(as  pointed  out  in  section  V)  during  cruise  operation.  During  high  speed 
dash,  the  surface  exchanger  Is  not  used;  consequently,  no  drag  is  imposed 
under  the  flight  conditions  for  which  drag  is  most  significant. 
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8.  Vtpoif  Cvct*  Catling  Systems  Cwo^tutj  With 
Expended  s  C  Systems 


I.  Basic  Consideration* 


Vapor  cycle  coaling  system*  were  considered  in  detail  In  section  V 
of  this  report.  It  was  noted  that  vapor  cycle  systems  have  an  inherent 
limitation  on  the  condenser  temperature  depending  on  the  critical  tem¬ 
perature  of  the  refrigerant  and  on  the  chemical  stability  of  the  refrigerant 
at  the  higher  temperatures.  In  the  case  of  Freon- 11,  the  limit  is  below 
the  maximum  considered  in  this  study.  The  use  of  an  expendable  coolant 
for  the  high  speed  dash  portion  of  a  flight  is  a  possible  means  of  extending 
the  range  o J  a  vapor  cycle  cooling  system  that  uses  a  refrigerant  with  a 
critical  temperature  below  the  maximum  temperatures  that  are  necessary 
f~r  the  heat  pump  cycle.  Expendable  coolants  can  also  be  used  to  extas-i 
the  temperature  limits  of  a  system  that  is  not  adequato  for  other  reason*, 
e.g.,  a  system  In  which  the  compressor  is  not  designed  to  compress  to 
the  pressure  required  certain  CuftdiUuns.  " 

The  expendable  coolant  portion  can  be  util;*rd  in  two  different  ways; 

1)  To  cool  the  condenser  of  a  vapor  cycle  system  at  any  time  when 
the  ram  temperature  (or  the  recovery  temperature)  is  above  the  system 
operating  limits. 

2)  To  cool  the  heat  transport  fluid  directly  and  thus  actually  operate 
as  a  complete  system  in  place  of  the  vice?  cycle  system  for  a  temperature 
beyond  the  capabilities  of  lb  j  vapor  cycle  ijr.Um. 

The  first  method  imposes  ?  greater  demand  on  the  expendable  coolant 
system  because  the  heat  added  by  the  vapor  cycle  compressor  and  its 
motor  must  be  absorbed  in  addition  to  the  actual  equipment  cooling  load. 
This  concent  also  requires  operation  of  the  vapor  cycle  system  at  all 
tirm:*  and  therefore  involves  the  vapor  cycle  power  requirement  during 
high  speed  dash  flight. 

The  second  concept  actually  involves  two  separate  cooling  systems 
in  so  far  as  operating  characteristics  are  concerned.  The  vapor  cycl« 
cooling  system  for  cruise  flight  is  separate  from  an  expendable  coolant 
system  for  the  limited -duration  high  speed  dash.  With  this  method,  fie 
expendable  system  is  actually  a  substitute  system  and  is  only  required 
to  aboorb  the  equipment  cooling  load.  The  vapor  cycle  sy  ■  tem  would  be 
shut  off  and  therefore  not  require  power  nor  impose  a  surface  (or  ram) 
drag  during  the  dash  portion  uf  the  flight.  This  method  does,  however. 
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require  an  expendable  cooUnl  that  will  boil  at  *  Irmpminr* 
the  allowable  equipment  temperature  because  the  heat  l*  not  pumped 
to  a  higher  itjr.pcrtsrf  level  as  It  the  cate  vith  the  condenser  cooling 
concept.  This  latter  requirement  it  not  considered  tcrlout  tince  the 
high  speed  dash  wo»'Ji  likely  be  at  high  altitude  where  the  boiling  point 
even  of  water,  the  preferred  coolant,  would  be  low  enough  -  a  be  used. 

Became  of  '.he  above  con  aide  rati  on  a,  systems  in  which  the  expend* 
able  coolant  ia  used  to  cool  the  heat  transport  fluid  directly  will  in 
general  impose  a  smaller  equivalent  weight.  Consvquer-.tly,  in  this 
study,  that  la  the  configuration  assumed.  A  system  utilixing  a  water* 
alcohol  expendable  coolant  ia  illustrated  schematically  In  figuru  ili, 

A  system  in  wlvch  the  heat  transport  fluid  la  conducted  to  a  water  tank 
so  that  water  can  be  used  even  under  aub-freexing  conditions  is  illus¬ 
trated  in  figure  114, 

?,  Results  of  Analysis 

The  evaluation  average  weight  of  vapor  cycle  cooling  systems  com¬ 
bined  with  expendable  coolant  systems  depends  on  the  duration  of  the  dasH 
portioned  the  flight,  the  expendable  coolant  used,  the  cruise  design  con¬ 
ditions  and  the  design  details  of  the  various  components.  This  particular 
type  of  system  is  simply  a  c  cun  bi.»a  lion  of  two  of  the  simple  systems 
previously  analyzed  and  actually  involves  very  little  modification  of 
oithet  system. 

The  evaluation  average  weights  of  10  Vw  Freon- 11  vapor  cycle 
systems  designed  for  cruise  cooling  at  50.000  feet  altitude  at  Mach  2,0 
and  at  Mach  1,1  combined  with  an  expendable-  coolant  system  for  higher 
speed  dash  are  plotted  versus  dash  time  in  figures  115  and  lib.  The 
evaluation  average  weights  for  water  cycle  systems  designed  for  cruise 
at  M  s  1,8  and  M  ■  2,2  combined  with  an  expendable  coolant  system  for 
any  higher  speed  dash  are  plotted  versus  dash  time  in  figures  117  and 
113.  Curves  for  equipment  temperatures  of  IbQ*.  210",  and  £75*F  are 
included, 

The  evaluation  average  weights  given  by  figures  115  to  118  apply  to 
flight  at  cruise  conditions,  o.ie  half  before  the  expendable  coolant  is  used 
and  one  half  after  the  expendable  coolant  is  use*..  The  evaluation  average 
weight  applicable  for  the  high  s  peed  dash  portion  of  the  flight  would  be 
reduced  approximately  5  or  I0f.  because  power  wo-dd  not  be  required  to 
drive  the  .asor  cycle  compressor  at  that  time.  The  fact  liia*  as.  surface 
drag  imposed  by  a  surface  condenser  has  been  neglected  in  the  vapor  cycle 
analysis  would  not  be  a  factor  for  the  high  speed  dash  because  the  con- 
d-mser  is  not  dissipating  the  h<  at  while  the  expendable  coolant  is  bring  used. 


_ _ J 

FIGURE  1U  VAPOR  CYCLE  COOUNG  SYSTEM  COMBINED  WITH 
WATER  EXPENDABLE  COOLANT  SYSTEM 
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Evaluation  Av* rag«  Iba 


FIGURE  » IS  EVALUATION  AVERAGE  WEIGHT  OF  FREON  - 1 1  VAPOR 
CYCLE  COOLING  SYSTEMS  COMBINED  WITH  A  WATER 
EXPENDABLE  COOLANT  SYSTEM  ICRUISE  MACH  NO.  •  2 


FIGURE  IIS  EVALUATION  AVERAGE  WEIGHT  OF  FREON-  11  VAPOR 

CYCLE  COOLING  SYSTEM  COMBINED  WITH  A  WATER 
EXPENDABLE  COOLANT  SYSTEM  (CRUISE  MACH  NO.  •  I 


Tim*,  hr* 


FIGURE  J 19 


EVACUATION  AVERAGE  WEIGHT  OF  WATER  VAPOR  CYCLE 
COOLING  SYSTEMS  COMBINED  WITH  A  WATER  EXPEND  \BLE 
COOLANT  SYSTEM  (CRUISE  MACH  NO.  «  1.8> 
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I  i.  Ctmclusi.*,*  With  Regard  to  Vapor  Cycle  Cooling  5vtttw]i 

C ombmcd  W tlii  Coolant  Syatemi 

The  following  conclusion*  can  be  dnun  l/om  the  analysis  of  cooling 
systems  comprised  of  a  vapor  cycle  system  and  an  expendable  coolant, 

1)  The  use  of  an  expendable  coolant  provides  a  simple  means  of 
increasing  the  maxim ur  i  temperature  capabilities  of  a  vapor  cycle 
cooling  system  for  a  limited  time  of  operation. 

2)  The  evaluation  average  weights  depend  primarily  on  the  cruise 
conditions  for  which  the  vapor  cycle  system  is  designed  and  0.1  the  dash 
duration  for  which  expendable  coolant  is  provided. 

11  During  high  spaed  dash  flight,  the  systems  impose  no  drag  and 
only  a  email  power  requirement  for  circulating  the  heat  transport  fluid. 

4)  The  water  vapor  cycle  systems  would  require  seme  cng:r.ccr:ag 
development  before  actual  working  systems  could  be  built. 

r.  Other  Combination  Equipment  Cooling  Systems 


A  considerable  amount  of  heal  can  be  absorbed  by  the  engine  fuel 
even  with  a  relatively  small  increase  in  the  fuel  temperature.  The  engine 
fuel  is  therefore  a  very  attractive  heat  sink;  however,  the  fuel  is  nor* 
mally  used  for  other  cooling  purposes  such  as  oil  cooling  and  usually  is 
healed  up  to  very  near  the  maximum  allowable  temperature  by  such  heat 
sources.  The  use  of  turbine  rngine  fuel  as  a  heat  sink  for  equipment 
cooling  has  not,  thereforn,  been  analyzed  irr  detail. 

The  feel  flow  to  the  afterburner  presents  a  possibility.  Such  fuel 
flow  cannct  be  used  for  a  contimous  cooling  function  at  relatively  lour 
speed:  because  the  afterburner  ,<  not  normally  used  for  such  cruise 
flight,  1'uel  to  afterburner,  therefore,  may  not  be  suitable  for  cooling 
purposes  such  as  oil  cooling.  The  fuel  to  the  engine  afterburner  could 
be  used  to  provide  a  heal  sink  for  equipmen*  cooling  for  flight  at  very 
high  speeds  that  require  the  additional  thruul  attainable  through  use  of 
an  engine  afterburner.  This  is  particularly  attractive  tn  that  such  cooling 
would  be  available  for  the  portion  of  a  flight  schedule  which  imposes  the 
most  difficult  conditions  for  equipment  cooling.  In  this  case,  it  is 
assumed  that  cruise  cooling  could  be  obtained  by  means  of  a  very  simple 
systtm.  such  as  a  surface  heat  exchanger  or  a  ram  air  system,  with 
the  fuel  to  afterburner  being  used  during  high  speed  dash  flight. 
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Additional  cooling  would  have  tube  provided  for  the  period  when  the 

afterburner  is  tuned  off  -uid  until  flight  conditions  and  tempt* rat uret 
were  such  that  the  simple  surface  or  air  system  would  suffice,  A 
system  of  this  ;,<*rrrai  type,  utilising  a  surface  heat  exchanger  and 
water  as  the  expend.. bit-  coolant,  is  illustrated  schematically  in 
figure  119.  It  is  important  to  note  that  with  this  type  of  system 
expendable  coolant  would  have  to  he  provided  for  only  a  transient 
condition  that  would  pro'-ihly  not  last  more  than  20  to  iO  minutes. 

The  specific  heat  of  fuel  is  approximately  0.5  Btu/lb  *F  at 
t00*F  (reference  6),  The  specific  fuel  consumption  for  a  typical  >ct 
engine  afterburner  at  Mach  2  as  given  in  reference  21  is  about  2.5 
lb/hr,  pier  pound  of  thrust.  Toe  increase  in  fuel  terr-pc ralure  to  the 
afterburner,  assuming  all  fuel  to  the  afterburner  is  heated  by  tho 
cooling  load,  is 

AT«  »  »lUw _ _ 

SKf'afl  Taft  Cpf 

or,  taking  the  values  as  given  above, 

A  T|  a  2710  kw  ^  i  701 

Taft 

Equations  (169)  and  (  170)  indicate  that  for  a  thrust  augmentation  of 
about  1000  pounds,  the  tooling  of  the  equipment  by  fuel  to  an  afterburner 
will  result  in  a  fuel  t-.-nperature  increase  of  about  1'K  per  kilowatt. 

The  evaluation  average  weight  of  a  system  of  this  type  would  be 
relatively  small  because  of  the  absence  of  drag  at  high  velocities  and 
because  the  ar.vuunt  of  expendable  coolant  required  is  relatively  low. 

Many  other  cooling  configurations  could  be  devised  using  fuel  as  a 
heal  sink,  such  as  simple  fuel  heat  exchangers,  fuel  used  in  combination 
With  air  cycle  systems,  etc.  As  pointed  out  above,  the  use  or  fuel  would 
of  course  depend  on  temperature  limitations.  The  fuel  does  present  a 
very  attractive  heat  sink,  but  it  perhaps  simply  is  no*  available  be*  aus« 
of  other  considerations. 
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Equipment  Cold  Surface 


FIGURE  U<9  -SURFACE  HEAT  EXCHANGER  COMBINED  WITH 
FUEL  HEAT  EXCHANGER  AND  WATER 
EXPENDABLE  COOLANT  SYSTEM 
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SECTION  DC 


EVALUATION  AND  APPLICABILITY  Of 
DIFFERENT  TYPES  OF  EQUIPMENT  COOLING  SYSTEMS 


The  determ  inatlon.  cl  the  range  of  applicability  a nd  the  evaluation 
of  different  types  of  cooling  systems  depends  on  a  large  number  of 
factors  and  on  the  relative  Importance  of  those  f.-ctors,  In  the  analysis 
of  the  various  systems,  the  equivalent  weight  or  an  evaluation  average 
weight  has  been  determined  and  is  presented  as  a  function  of  velocity 
and  altitude  for  a  number  of  conditions.  In  this  section,  the  character* 
islics  of  the  different  systems  with  respect  to  those  factors  will  be 
compared  And  other  typical  characteristics  of  the  system*,  will  be  pointed 
out,  Amor.g  the  more  significant  external  factors  which  affect  the  design 
and  operation  of  a  cooling  system  are  equipment  temperature,  flight 
velocity,  and  flight  altitude.  In  this  section,  some  of  the  particular  at* 
tributes  and  liabilities  of  the  equipment  cooling  systems  analyzed  pre* 
viously  will  be  compared  with  regard  to  these  factors,  followed  by  a 
general  comparison  of  such  cooling  system  characteristics  as  total 
equivalent  weight  requirements,  vulnerability,  dependability,  and  appli* 
cability  to  centralised  and  individualized  cooling  concepts. 

Equipment  Temperature 


It  was  pointed  out  in  section  IV  that  different  types  of  systems 
possess  very  different  characteristics  with  regard  to  temperature 
variation  of  the  cooling  medium.  Simple  expendable  coolant  systems 
such  as  illustrated  in  figure  90  provide  a  surface  that  is  approximately 
Isothermal,  The  vapur  cycle  cooling  systems  will,  in  general,  have  a 
heat  transport  fluid  temperature  variation  of  10  *F  or  less.  The  re¬ 
generative  air  cycle  uystem  u:es  a  heat  transport  fluid  but  with  an 
equipment  inlet  temperature  100  *F  or  m  in  below  the  exit  temperature. 
In  this  study,  the  equipment  exit  temperature  has  been  selected  as  an 
independent  variable.  It  should  be  noted  that  with  a  given  equipment 
exit  temperature,  systems  in  which  the  cooling  medium  has  a  rather 
broad  temperature  variation  can,  with  properly  designed  equipment 
cool  certain  elements  to  well  below  the  exit  tempers  Hire,  The  simple 
air  cycle  systems  normally  cool  the  equipment  by  direct  circulation  of 
air  and  therefore  do  not  utilize  a  heat  lianspurt  fluid.  Such  systems 
will,  for  many  operating  conditions,  have  an  air  temperature  difference 
between  equipment  inlet  and  outlet  of  over  200’F,  If  necessary,  such 
systems  can  cool  equipment  to  very  low  temperatures.  The  average 
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temperature  of  the  cooling  medium  at  tit*  equipment  la  approximately 
tli*  trim-  fer  a  slr.'pl*  air  cycle  with  an  exit  temperature  at  275  *F  *• 
for  a  vapor  cycle  system  with  the  equipment  exit  temperature  at  HOT, 

A  compariaon  or.  thia  basis  mint  take  into  account  the  actual  temperature 
tolerancea  of  equipment  elements,  The  air  cycle  system,  for  example, 
would  he  capable  of  cooling  about  half  the  cooling  load  to  lfcO*F  or 
below;  the  balance  of  the  equipment,  located  nearer  the  exit,  could  be 
cooled  only  to  from  IfcO*  to  above  the  275  *F  exit  temperature. 

In  addition  to  the  wide  variation  in  the  temperature  conditions  of 
the  cooling  medium  at  the  equipment,  the  different  systems  hav* 
different  characteristic*  aa  to  the  effect  of  the  equipment  temperature 
requirement*. 

Vapor  cycle  ayatema,  because  of  the  major  effect  of  evaporator 
temperature  on  compresaor  size  and  power  requirement  a,  are  quite 
acnaitive  to  variationa  in  equipment  exit  temperature.  It  it,  in  fact, 
thia  temperature  dependence  that  dictates  the  amall  temperature  varia¬ 
tion  at  the  equipment.  The  total  equivalent  weight  of  a  vapor  cycle 
system  ia  approximately  double  (or  aa  equipment  exit  temperature  of 
HOT  a*  compared  with  an  exit  temperature  of  i7ST,  Systems  with 
a  refrigerant  with  a  relatively  low  latent  heat  of  vaporisation  have  a 
definite  limit  la  cemperatu re  difference  between  evaporator  and  condenser 
(unless  a  cascade  cycle  such  aa  the  one  illustrated  in  figure  16  is  used) 
which  ruay  be  a  decisive  factor,  tn  acme  applications,  this  factor  may 
establish  a  lower  limit  aa  to  the  evaporator  temperature  for  a  given 
condenser  temperature. 

Simple  air  cycle  systems  are  also  relatively  sensitive  to  equipment 
temperature  tolerancea  l.iouyh  somewhat  less  so  than  vaper  cycle  systems. 
The  broad  variation  in  the  temperature  of  the  cooling  medium  would  likely 
eliminate  the  need  for  equipment  exit  temperatures  as  low  as  might  be 
required  for  a  vapor  cycle  system. 

Regenerative  air  cycle  systems  are  usually  levs  sensitive  !o  the 
equipment  conditions  than  are  vapor  or  simple  air  cycle  systems.  Fig¬ 
ure  1J8  indicates  that  an  increase  in  equipment  exit  temperature  !rom 
220*  to  140  *F  results  in  an  equivalent  weight  decrease  of  about  20%  for 
a  regenerative  air  cycle  system. 
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Exptmltblt  coolant  systems  or  the  expendable  coolant  portion  of 
combination  •ynitini  utiny  expendable  coolant*  arc  not  greatly  affected 
by  equipment  condition*  provided  that  the  change  is  within  the  range  of 
the  coolant  boiling  point.  In  the  event  that  a  different  coolant  i*  re¬ 
quired,  a  very  marked  change  in  weight  may  occur.  The  increase  which 
will  accompany  a  decrease  in  !he  equipment  temperature*  i*  caused  by 
the  reduced  cooling  efiect  and  by  inc  rea»ed  heat  exchanger  weight  that 
may  be  required, 

Rarn  air  type  cooling  system*  or  system*  «••»«  «>rbr<  heat  ey  . 
changer*  arc  greatly  affected  by  .  quiproent  temperature.  In  fact,  the 
equipment  temperature  detint- *  the  upper  limit  on  flight  conditions 
beyond  which  cooling  is  impossible  with  sv  h  systems. 

Other  effects  of  equipment  temperature  are  notrd  in  the  discussion 
of  the  various  systems.  Specific  idtecu  can  be  determined  by  re  rring 
to  the  figures  indicating  the  performance  of  the  various  •ystenu. 

B.  Flight  Velocity 

The  different  cooling  systems  are  affected  very  differently  by  the 
aircraft  flight  velocity.  Tne  general  ehar*cterf*tic»  of  the  systems 
considered  in  this  study  are  <!i?c»*sed  below.  Specific  •  -iiistive  data 
are  included  with  the  analyse*  of  the  various  systems. 

Cooling  system*  utilizing  ram  air  directly  for  equipment  cooling 
have  a  definite  limit  and  the  weight  will  increase  very  rapidly  as  the  limit 
5s  approached.  The  same  is  true  of  simple  surface  heat  exchanger  cooling 
systems. 

Simple  air  cycle  cooling  systems  are  relatively  unaffected  by  veloe  ily 
up  ;o  a  point  depending  on  the  altituac  and  then  the  weight  increases  very 
rapidly  (figures  72  and  YJ)  because  the  system  is  dependent  on  ram  air 
for  pre-cooling  the  compressor  bleed  air.  The  simple  air  cycle  cooling 
syatem  combined  with  an  expendable  coolant  system  is  not  as  greatly 
affected  provided  the  dash  time  is  not  over  one  hour. 

The  regenerative  air  cycle  cooling  system  is  affected  by  flight  velocity 
to  a  much  smaller  drgre ■:  than  the  simple  air  cycle  as  illustrated  by  fig¬ 
ure*  81  and  84,  The  weight  of  such  systems  remains  quite  reasonable 
even  at  the  higher  velocities  considered. 
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The  total  equivalent  weight  of  Freon*  It  vapor  cycle  cooling 
Inc rtiK<  very  rapidly  with  velocity,  the  limit  being  well  below  tile 
ir.nirfun  velocity  being  considered  in  this  study.  The  water  vapor 
cycle  system  increases,  but  at  a  nearly  uniform  rate,  up  to  the  maximum 
velocities  considered,  The  difference  is  primarily  due  to  the  differences 
in  the  critical  temperature  and  In  the  latent  heat  of  vaporisation  of  Freon* IV 
and  water. 

The  expendable  coolant  systems  and  the  expendable  portion  o!  combi¬ 
nation  systems  ia  practically  unaffected  by  flight  velocity.  Any  variation 
it  caused  by  heal  that  is  picked  up  from  the  surroundings  by  the  storage 
lar.V,  the  lines,  and  the  equipment, 

C.  Flight  Altitude 


For  a  given  specified  flight  velocity  and  equipment  exit  temperatures, 
the  effect  of  altitude  on  the  various  systems  is  rather  similar  for  the 
systems  utilizing  an  expendable  coolant.  As  pointed  out  previously,  the 
temperature  t  that  can  be  maintained  by  means  of  expendable  coolants 
are  aetermined  by  the  boiling  point  which  in  turn  is  a  function  of  the 
altitude  (figure  891,  Within  the  temperature  range  of  an  expendable 
coolant,  the  weights  will  be  practically  independent  of  altitude  in  so  far 
as  equipment  cooling  is  concerned.  Howevc*,  unless  the  storage  tank  is 
pressurised,  some  fluid  will  be  boiled  off  to  bring  the  fluid  temperature 
to  an  equilibrium  level  and  to  maintain  it  at  that  temperature  as  heat  is 
absorbed  from  surroundings.  The  heal  absorbed  will  depend  on  the  con¬ 
ductance  of  the  tank  and  on  the  temperature  difference  between  the 
surroundings  and  the  tank.  Thus  it  is  apparent  that  fluids  with  a  high 
vapor  pressure  will  require  insulation  and  storage  of  the  coolant  under 
pressure  to  prevent  loss  of  the  coolant  by  evaporation  from  the  tank, 
especially  at  the  higher  altitudes. 

The  vayoi  cvr!»  and  the  air  cycle  systems  atu-lied  exhibit  a  minimum 
weight  for  flight  at  -10,000  feet  attitude.  This  is  due  to  the  temperature 
schedule  I  figure  2)  and  because  the  heat  transfer  coefficients  applicable 
to  air  heat  transfer  have  not  dropped  too  low  at  this  altitude.  At  higher 
altitudes,  the  equivalent  weight  increases,  moderately  for  vapor  cycle 
cooling  systems  and  for  regenerative  air  cycle  cooling  tystems  bit  quite 
drastically  for  simple  air  eyclu  cooling  systems.  The  increased  weight 
is  due  to  the  reduction  in  heat  transfer  at  the  low  atmospheric  pressure. 
At  altitudes  below  40,000  feet,  the  weight  also  increases  because  of  the 
higher  temperatures  that  prevail.  This  effect  is  not  considered  as  signi¬ 
ficant  because  normally  (light  will  not  be  at  th*  high  velocities  at  the 
lower  altitudes, 

WADC  TR  56-151  206 


uL 


y.-.-iCuce.-.-'U' 


asugs 


P.  Tout  Equivalent  Weight*  "f  Various  System* 

A  comparison  of  the  total  equivalent  weight  at  different  lyitemt 
to  be  entirely  valid  required  a  rather  detailed  specification  of  the 
equipment  cooling  requirement*  and  of  the  aircraft  flight  schedul*. 
Without  *uch  information,  an  absolute  evaluation  cannot  be  made  be  - 
cause  a  system  that  is  outstanding  in  one  respect  may  be  deficient  in 
another  respect,  Some  of  the  genera!  system  characteristics  will  he 
'4iscu*»ed  as  they  affect  the  total  equivalent  weight  for  various  flight 
conditions.  As  pointed  out  in  the  general  discussion  of  equipment 
condition*  above  and  in  section  IV,  a  comparison  is  rather  arbitrary 
.and  actual  cvil-iaton  will  have  to  take  specific  operating  requirement* 
into  consideration. 

At  HijM  speeds  up  to  Mach  1,8,  the  simpler  cooling  syilcm* 

.appear  to  have  an  advantage.  The  simnle  air  cycle  system  impose* 
a  somewhat  smaller  weight  than  does  the  regenerative  air  cycle  system. 
'The  Frcon-11  and  the  water  vapor  cycle  systems,  assuming  n  surface 
•condenser,  are  approximately  equal  for  such  conditions  and  impose  * 
total  equivalent  weight  approximately  the  same  a*  the  air  cycle  system 
for  equal  average  equipment  temperatures  (when  the  heat  transport 
system  and  transfer  surfaces  arc  included).  The  vapor  cycle  system* 
impose  more  dead  weight  and  require  electrical  power  ip  eumatic  or 
hydraulic  could  be  used).  The  air  cycle  systems  are  relatively  light 
•weight  hut  impose  a  momentum  drag  and  an  engine  air  bleed.  Vapor 
cycle  system*  using  ram  air  condensers  would  impose  approximately 
*  20%  greater  total  equivalent  weight  than  the  other  vapor  cycle  systems. 
The  increase  is  primarily  due  to  momentum  drag  and  to  higher  condenser 
temperatures.  Expendable  coolant  systems  are  suitable  for  certain 
•triplications  depending  on  flight  time. 

The  differences  in  the  various  system*  become  more  significant 
*i  flight  speeds  from  Mach  1,8  to  2.2  at  40,000  feet  and  at  lower  flight 
ipi'.  rd*  at  higher  or  lower  altitude*  a*  indicated  by  ihe  operating  limit 
curves,  e,g.„  figures  *15  to  48,  7b,  77,  88,  and  8b, 

Under  flight  in  this  range  of  velocities,  cooling  problems  have 
appeared  that  paint  to  the  need  for  refinements  and  for  more  elaborate 
systems  or  different  fluids.  Within  this  range,  the  regenerator  air 
cycle  system  ard  the  simple  air  cycle  are  ah  it  equal  to  the  regenerative 
air  cycle,  having  a  slight  advantage  at  Mach  2.2,  In  this  range,  the 
Freon-11  vapor  cycle  system  also  approaches  its  limit  requiring  about 

greater  total  equivalent  weight  than  a  water  vapor  cycle  system, 

A  .cascaded  cycle  could  be  used  to  decrease  the  total  equivalent  weight 
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of  the  Freon-11  system  by  about  10%.  Expendable  cool**!  eyiltmt 
would  be  applicable,  again  depending  on  live  flight  rim*  required. 

Fligiii  at  Mach  Z.5  imposes  conditions  for  which  a  regcncrallv* 
alt  cycle  system  (or  other  modified  air  cycle  system),  a  water  vapor 
cycle  system,  or  an  expendable  coolant  system  is  required.  This 
regime  is  beyond  the  range  of  simple  air  cycle  systems  and  Freon-ll 
vapor  cycle  systems.  The  relative  merits  of  the  regenerative  air 
cycle  system  and  the  water  vapor  cycle  system  depend  to  a  large 
extent  on  the  psrticulir  application.  Either  system  apparently  could 
be  designed  to  meet  the  cooling  requirements.  Expendable  coolant 
systems  become  relatively  more  attractive  as  the  flight  speed  in¬ 
creases  and  would  he  applicable  for  somewhat  longer  flight  times  at 
the  high  velocities  than  at  the  lower  velocities. 

E.  Spatial  Re ~iulrement» 

In  some  applications  oj  equipment  cooling  systems,  the  system 
volume  may  be  as  significant  as  weight,  power,  and  drag.  The  volum* 
and  sice  of  some  of  the  components  (or  certain  systems  hr*  given  In 
the  analysis;  for  other  systems  volume  will  depend  on  design  details 
and  ie  therefore  difficult  to  ascertain  with  a  reasonable  degree  of  accuracy. 
There  are,  however,  a  number  of  trends  that  can  be  pointed  out  and  that 
may  be  of  considerable  significance  depending  on  the  application. 

Air  cycle  cooling  systems  require  relatively  large  air  ducts  for  air 
flex  from  the  diffuse r  and  engine  "bleed  to  the  air  cycle  system  and  from 
the  system  to  the  equipment.  Air-to-air  heat  exchangers  are  somewhat 
larger  for  a  given  heat  load  than  are  liquid-qcoled  condensers  or  evapora¬ 
tors.  However,  the  air  cycle  turbine  and  blower  Is  n  very  compact  unit 
so  that  the  air  cycle  cooling  unit  with  the  necessary  heat  exchangers 
requires  considerably  less  space  than  the  vapor  Cycle  compressor, 
electric  motor,  and  evaporator.  The  heat  transport  lines  used  with  the 
vapor  cycle  system  would  be  small  tubing  and  therefore  require  little 
apace. 

The  vapor  cycle  systems  using  a  surface  condenser  or  heat  exchanger 
require  considerable  surface  area  for  heat  trant.fer,  typically  between  one 
and  two  square  feet  per  kilowatt.  The  use  o!  ram  air-cooled  condensers 
with  a  vapor  cycle  system  would  at  course  culaU  air  ducts  even  larger 
than  are  required  for  air  cycle  systems.  Expendable  cool  and  systems 
require  a  tank  for  fluid  storage.  The  sire  is  of  course  dependent  on  the 
flight  duration  for  which  the  system  is  designed. 
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of  thu  importance  of  th -  equipment  coo'ing  lyiitem  to  th* 
operation  of  the  aircraft,  the  vulnerability  and  dependability  of  the 
system  it  an  important  consideration.  An  evakiation  of  such  factor* 
without  verifying  statistics  can  only  be  relative.  The  estimated  order 
of  increasing  vulnerability  of  the  system  is  il)  ram  air  systems,  (2) 
simple  and  regenerative  air  cycle  systems,  (1)  expendable  systems, 

(4)  vapor  cycle  systems  with  ram  air  condenser,  and  |5)  vapor  cycle 
with  surface  condenser.  Vapor  cycle  systems  are  somewhat  more 
vulnerable  to  shell  and  flak,  damage  than  other  systems  because  even 
a  tiilrar  leak  can  render  the  system  inoperative.  The  surface  condenser 
involves  considerable  area  and  therefore  putt  it  at  the  bottom  of  the 
list.  The  variation  in  dependability  <>f  Oie  various  systems  is  perhaps 
less  than  variations  in  vulnerability  but  approximately  the  same  order 
would  apply,  i.e.,  with  number  one  being  the  most  dependable  system. 

G,  Centralised  Versus  Indt vidual: red  C oolin^  System  Applications 

The  actual  analysis  of  the  various  cooling  systems  was  based  m 
systems  ol  Id  lew  cocling  capacity.  However,  the  values  as  given  are 
representative  ir.  most  ciici  of  system  characteristics  for  somewhat 
smaller  systems  and  for  systems  several  times  as  large.  Smaller 
systems  would  in  general  Involve  somewhat  heavict  component*  on  a 
per  kilowatt  basis,  an  Increase  of  say  10  to  1S%  for  systems  ball  a* 
large.  Larger  units  would  result  in  a  weight  saving  on  a  per  kilowatt 
basis  but  most  system*  would  have  to  be  made  several  times  a*  large 
to  secure  a  10%  weight  advantage.  An  exception  to  the  above  general 
rale  is  simple  ram  air  sveirms  for  whi«-V  «  slight  saving  in  weight  may 
result  in  some  cases  with  smaller  systems  betause  of  a  possible 
reduction  in  total  duct  weight  by  using  a  number  of  small  short  ducts. 

With  the  above  considerations,  the  concept  of  centralized  cooling 
systems  vertui  individualized  cooling  systems  is  in  most  cases  reduced 
to  the  overall  effects  of  several  systems  as  opposed  to  the  use  of  a  heal 
transport  fluid  or  the  use  of  air  ducts  to  convey  air  to  different  equipment 
components.  A  basic  consideration  is  then  the  complexity  and  duplication 
involved  in  individualized  systems.  As  pointed  out  in  section  IV,  the 
transport  of  heat  by  means  of  a  heat  transport  fluid  involves  a  relatively 
•  mall  equivalent  weight.  The  system*  considered  ;r.  this  study  that 
utilize  a  heat  transport  fluid  are  rather  complex  systems  with  the  exception 
of  the  expendable  coolant  system.  Even  with  the  laMer  system,  a  single 
storage  tank  appears  preferable.  Consequently,  all  systems  using  heat 
transport  fluids  are  considered  primarily  suitable  as  centralized  systems. 
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The  total  equivalent  weight  wilt  then  b.*  lowest  an*?  The  penr r*l  *y  J»err» 
cluricterislici  will  be  utilized  to  the  best  advantage.  Likewise,  air 
cycle  lyiltmi  are  considered  too  complex  to  be  suitable  lor  individual* 
ixed  cooling  system*. 

The  distribution  tinea  lor  the  expendable  system,  such  aa  illustrated 
in  figures  90  and  91,  are  very  light  to  that  thia  system  is  also  applicable 
to  the  centralized  concept.  These  particular  systems  would  be  suitable 
to  the  individualized  application*  and  would  then  involve  slightly  leas 
weight;  however,  cech  storage  lank  would  then  require  individual  attention. 

Of  the  systems  considered  in  this  study,  the  ram  air  cooling  system 
combined  with  an  expendable  coolant  system  a*  illustrated  in  figure  94 
is  considered  the  most  suitable  for  individualized  cooling  applications. 

In  thia  case,  the  cxpendrble  coolant  would  be  stored  in  a  central  tank 
with  small  tubing  to  conduct  the  fluid  to  the  boiler.  Individual  ram  air 
and  fan  circulating  systems  would  be  used  for  each  component  or  group 
of  components.  The  length  and  size  of  air  ducts  could  thus  be  minimized. 
The  total  equivalent  weight  of  a  number  of  individual  systems  would  the  a 
be  less  than  for  a  single  centralized  system  of  this  type. 
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ITOM  EMC  tATURi: 


s.  , 

I  ] 

Symbol 


A 

fir 

Btu 

b 

C 

c 

O 

Du 

d 

« 

F 

Fa 

r* 

« 

t 

H 

If* 

h 

1 

J 

k 

kw 

L 

7 

u 

ft 

Ni» 

• 

P 

Pr 

t» 

Q 

R 

Re 

RS 

r 

SFC 

• 

T 


Definition 

Are* 

B  rt  juet 

British  thermal  unit 
Thickness 
Kate  of  climb 
Specific  heat 
Drag 

Flight  duration 

Diameter 

Effectiveness 

Dimensionless  Lector 

Radiation  shape  factor 

Radiation  emissivity  factor 

Equivalent  weight  factor 

Acceleration  of  gravity 

Altitude 

Horsepower 

Heat  transfer  coefficient  or  enthalpy 

Input 

Heat  exchanger  constant 

Conductivity 

Cooling  load 

Litem  heat  or  lift 

Length 

Mach  number 

Number  of  passes  -  heat  exchanger 
Nusselt  number 
Compression  exponent 
Power 

Prandtl  number 
Pressure 

Heat  flow  or  heat  quantity 
Gas  constant 
Reynolds  nurr.be r 

Range 

Pressure  ratio 
Specific  fuel  consumption 
Distance  along  surface 
Temperature  or  thrust 
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Symbol 

Definition  > 

t 

Tim* 

V 

Overall  heat  transfer  coefficient 

V 

Velocity  or  volume 

V 

Specific  volume 

w 

Weight 

w 

Fluid  flow  rate 

X 

Fuel  to  groat  weight  ratio  (W|/\Yg) 

X 

Linear  distance 

X 

Leakage  flow  ratio  (w/wA) 

Greek  Symbol* 

7 

Ratio  of  specific  brats  (cp fry)  or  specific  weight 

A 

Increment 

ft 

Normalised  pressure  (p/2lllt  where  p  is  Ib/ft^J 

5 

(wcp)a /(wcp)b 

S 

Efficiency 

% 

Normalised  tempcsaluru  IT/SW,  where  T  Is  in  'R) 

X 

Temperature  *«ii»  across  air  turbine  (T^.j/Ttil 

9 

Dynamic  viscosity 

• 

Kinematic  viscosity 

9 

Density 

V 

Stephan -Boltsmann  constant 

♦ 

Heat  exchanger  pressure  drop  parameter 

a 

Hrat  exchanger  heat  transfer  parameter  (UA/Jfcl'O  wc( 

Subscript* 

A 

Ave  rage 

» 

Ambient 

Aft 

Afterburner 

B 

Blower 

b 

Bleed 

bo 

Boiler 

C 

Compressor 

D 

Drag 

<1 

Direct 

Dili 

Diffuser 

dt 

Duct 

E 

Equipment 

«- 

Exit 

Equivalent 

CV-  3k 

Evaluation  average 

ex 

Exchanger 

exp 

Expendable 

Ill 
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Subscript 


Definition 


r 

G 

a 

t 

i 

K 

J 

M 

max 

mom 

N 

n 

o 

P 

P 

R 

r 

S 

• 

■ub 

•  up 

T 

t 

th 

V 

v 

W 

* 


Fuel 

Croat 

Gat 

Intermediate 
Inlet  or  inside 
Condenser 
Liquid 

Motor  and  generator 

M.’ximum 

Momentum 

Net 

Nozzle 

Outside 

Power 

Pressure 

Regenerative 

Recovery 

Surface 

Storage 

Subc.i'jcal 

Supercritical 

Total 

Turbine 

Thrust 

Evaporator 

Volumetric 

Wall 

Linear  dir  Knee 
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HEAT  EXCHANGER  ANALYSIS 

The  heat  exchanger  rharjcltrutic*  utilized  ir.  the  main  body  of 
the  report  are  based  upon  the  detailed  analysis  given  herein.  Three 
types  of  heat  exchangers  are  considered:  air-to-a1*,  liquid -to-air, 
and  the  evaporative  (or  boiler)  heat  exchanger  in  which  air  is  cooled 
by  boiling  of  an  expendable  coolant.  The  main  purpose  of  the  analysis 
is  to  establish  the  required  size  and  weight  of  these  exchangers  for 
specified  design  values  of  cooling  effectiveness,  flow  rates  of  cooled 
and  coolant  fluids,  and  air  siae  pressure  losses.  Two  distinct  phases 
of  the  heat  exchanger  analysis  can  he  differentiated:  |1)  determination 
of  the  required  heat  transfer  conductance  of  the  exchanger  in  term*  of 
ita  cooling  effectiveness.  it<  physical  arrangement  and  the  flow  rates 
of  cooled  and  coolant  fluids;  and  (d>  detc  rmination  of  the  size  and  weight 
of  the  exchanger  from  characteristics  of  ‘he  core,  in  terms  of  per¬ 
missible  pressure  losses  and  the  heat  transfer  conductance  found  under  I, 

1,  Required  heat  transfer  conductance.  The  cooling  effectiveness  • 
of  a  heat  exchanger  transferring  heat  from  fluid  1  to  fluid  l  is  defined 
by  the  relationship 

«;  »  Tn  -  T|c  (171) 

Tli  *  T2i 

For  a  given  heat  exchanger  arrangement,  the  effectiveness  cj  depends 
upon  two  parameters;  a  conductance  parameter  ft  and  a  flow  parameter 
£  .  For  the  ccunterflc..  arrangement  shown  in  figure  56,  the  effectiveness 
can  be  express'd  as  an  explicit  function  of  ft  and£  : 

e,  a  cLe*-^)  ,I72, 

(assuming  that  the  overall  conductance  U  is  uniform  over  the  heat  transfer 
surface).  The  counterflow  arrangement  enables  the  highest  possible 
effectiveness  for  given  values  of  ft  and  f  ;  however,  this  configuration 
is  not  often  practicable  for  air  heat  exchangers  (especially  for  high 
effectiveness)  because  of  headoru-.g  difficulties.  Single  or  multiple  pass 
croisflow  arrangement-  (figure  36)  permit  a  close  approach  to  the  per¬ 
formance  of  the  counter  flow  exchange;-  e.rd  are  particularly  well  suited 
to  air-to-air  and  liquid  to-air  heat  exchanger*.  A  rigorous  analytical 
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routton  for  the  cromtlow  *‘xtia»;g*t  k»t  berit  itlnik  by  Kiuttlt 
(reference  lb),  Multi-pass  crossflow  configuration*  arc  not  readily 
susceptible  to  analysis  union*  simplify!. <g  assumption*  arc  made. 
However,  a  number  of  crossflow  eaten  !uvc  been  analysed  numeri* 
cally  by  Steven*  and  Wolfe  (reference  £1)  wit):  the  aid  of  digital 
computing  equipment,  These  data  have  been  used  herein  for  the 
analysis  of  the  regenerative  beat  exchanger,  which  ia  discussed 
subsequently,  However,  moat  of  the  multi-pan*  crossflow  heat 
exchanger  analysis  dt  ncii'ui-d  herein  was  based  upon  a  simplified 
analysis  wherein  it  was  assumed  that  the  cooled  fluid  flow  (see 
figure  So)  i*  mined,  while  the  cool, at  remain*  unmixed  throughout. 
The  approximate  analysis  resulted  in  the  following  formulae; 


Double-pass  counter -c  r  oa  a  flow 


e|>  1 


c-*i  _ 

-  A  iir.li  At 


where  A  *  l 


t»Tl) 


X riple  -pass  c  ounlcr  -crossfl aw 


ci  -Q  -  > 
Q 


where  Q  *  *3^t  -  A<2  (  I  -  A*  -A*  2 

i 

A  w  l  ,  eJb 


and 


-  A^e^sinh  A^ 
£ 


These  expressions  are  in  agreement  with  equations  given  in  reference  21. 
Figure  ‘•T  shows  the  relation  between  XI  and  £  as  determined  from  equation* 
|2),  (i),  and  id)  lor  tne  counterflow,  double -pass,  and  triple-pass  cases 
and  effectiveness  of  0,8  and  0,9.  It  is  evident  that  the  triple-pass  counter- 
crossflow  arrangement  closely  approach!*  Ihe  countcrflow  arrangement 
in  theoretical  efficiency  lor  £  *  1,9  or  greater.  It  can  be  proved  that  the 
assumption  of  mixed  conditions  in  the  cooled  fluid  is  always  conservative 
(i.c.  ,  leads  to  a  larger  required  ft  for  given  cj  and  £  )  a*  compared  with 
the  mixed  case. 
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h  the  (M*  u  |k»  Vest  f»ch»mier,  the  »UkHimh» 

it  simply 

imi 

2.  Heal  exchanger  core  characteristic*.  Air  side  heat  transfer 
conductances  ;tnd  pressure  loss  data  for  many  type*  of  core  construction 
are  given  fn  the  litciutKre,  In  general,  these  Jala  can  he  expressed, 
with  sufficient  accuracy  for  analytical  purpose*,  in  the  form  (see  figure 
r>9  for  definition  of  iknuntinni): 


He  at  transfer  conductance*  (single  pat*) 


- . 6aT 

A /.A 

tmi 

fhA)2  »  Si  /  w2 

J<  y»  fa 

(17fca) 

\/a  /»} 

Core  pjrr.t.'re  lotus  (single  pass) 

7,Ap,  • 

(177) 

[7^} 

1 

(Ts7«) 

r* 

(177s» 

where  aj,  a2,  b».  bj  and  the  exponent*  p|,  p2,  qj.  q2  •'*" 

oof'MnnH  (nr 

a  particular  core  under  turbulent  flow  condition*.  In  ease*  where  very 
accurate  cure  data  are  available.  iel.-t  and  exit  pressure  losses  may  be 
taken  into  account,  however,  in  the  present  instance,  these  losses  are 
accounted  fo*  ipneoximately  by  suitable  increase*  in  bj  and  bg  to  permit 
equations  (  1 T  ?|  and  (  I77.i}  lobe  Used  for  overall  core  pressure  iosut. 
When  the  core  pressure  losses  are  a  small  fraction  of  the  inlet  absolute 
pressure.*  (*i  is  almost  always  the  case),  equations  f  1 77)  and  (i77a)  can 
be  written  ir.  (he  following,  to  or*-  convenient,  form: 


(17*) 


(178a) 
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1m  cow  d«U  applied  Ia  *Mtyila|  k«M  oOungti  ittti*  ttidylr* 
summarised  1a  table  S, 

),  Determination  of  '.he  Hitt  m4  *«igM  of  a  heat  exchanger  for 
specified  performance.  When  the  edccUvcntii  cj,  flnv  rate*  wj  and 
wj,  and  allowable  pressure  losses  arc  Vaown,  the  required  slue  and 
weight  of  a  crossflow  exchanger  ia  found  m  khe  following  way;  (1)  At 
described  under  item  1,  determine  £>  *  UA/l JtOOwe^j  a"-!  then  UA  to» 
the  specified  value*  of  ej,  »|  and  w  >.  (2)  for  a  given  core,  nxprest 
the  overall  conductance  UA  in  the  general  form: 


UA  »  t  1600wCj.)j  H  »  «| 


T+ 


yr 

WWW 


Nl/c/./n) 

nr 


(179) 


(31  By  using  equation:.  (178)  ,.nd  (l7&a)  together  with  equation  (179),  find 
the  volume  of  the  beat  exchanger  wA/c/j  in  terms  of  *I»{  ,  »|* 
and  the  weight  is  then  ftund  ftom 

*»»  *  (IBU) 

where  y  ia  found  from  table  5,  Application  of  thU  procedure  i*  discussed 
below  for  each  of  the  heat  excitanger  type*  considered  herein, 

(a)  Ram  heat  txchinger  (air  cycle  cooling  systems).  A  ntainlctt 
steel  tubular  core  is  assumed  because  o:  :he-high  bleed  air  temperature, 
Usir.g  data  from  table  5,  equation  (179)  can  be  rearranged  to  gl/e 

O.a°3a.\°^x0.V|  ,,3,j 

vw  j 

whe  re  x  »  wy, 

ici# 

From  equations  (178)  and  (178a) 

b  *  9.JSX1*8  /„  N  tO  J  (152) 


Ni,»  8.38ttcp  [x°*e  ♦ 


r 
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TABLE  5  HEAT  EXCHANGER  CORE  CHARACTERISTICS 
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*  Wish  tUtvuci  for  hoarUf ,  dUf\»»«r«,  «»c« 


A.,.*  ft&J.* 


Solving  equation  (182)  for  N  j(t  ana  *ub»titutlng  in  equation  (181) 

4b»  o.oo«isn|\2-o  +  »*‘*j  <i**i 

Using  equations  (180)  and  (182),  the  weight  of  the  exchanger  it 
fc  ■'•  I Jc /* *a> 

«47.8(N,/,)  w^  *  5120  (i»8> 

x  x‘>® 

The  cooling  flow  pretture  drop  it  (from  equation*  182  and  ii)i 

h-h,  My-* 

Uv'ng  thete  equation*.  the  ram  heat  exchanger  we'jhl  «>j  computed  for 
toe  following  ataumed  conditioner  N  *  3  Icounter-crottflow  arrangement) 
}%i a  3,  (*  1.5,  eb  ranging  from  0.5  to  0.8,  The  result*  are  plotted 
in  figure  hi  with  eh  and  a*  independent  variable*. 

(b)  Regenerative  heat  exchanger  (regenerative  air  cycle  cooling 
lyetem).  The  regenerative  exchanger  ur.alyai*  p.vralle.e  that  for  tne 
ram  exchanger  given  above.  From  equation*  (178)  ant!  (178a) 

♦j  •  0.00293  fix**0  J"l  +//.\°*6J*  ]  (187) 


can 


(data  from  table  5), 


Making  use  of  equation*  ('7k)  and  (187). 


/,N»  0.157  flx°°,tS  ri  +/A\°‘t}5 


[■  WK] 
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Th#  weight  of  the  exchanger  it  ttiMi 


ji.MN</,nyci'n) 


■  49.2  ft  x-0.^5  W| 


c-(sn 


(189) 


Solving  equation  {1ST}  for  x  and  substituting  in  equation  (139) 


w, 


67  >1? 

TTm 


J  0.615 

X 


i.m 


U90) 


The  cooling  airflow  pressure  lots  parameter  it,  from  equation*  (178) 
and  ( 173a) 


*2*+l(/c  (»91) 

Choosing  J^3/  (^c  «  20  to  Veep  the  cooling  flow  pressure  loose*  reasonably 
low,  the  regenerative  exchanger  weight  was  computed  Trom  equation  (190) 
•or  ej  *  0.  75,  0,80,  and  0,85;  the  rebuilt  are  plotted  versus  in 
figure  62, 


(c )  Intermediate  he.it  exchanger  (regenerative  air  cycle  cooling 
system).  Assuming  that  the  transfer  fluid  side  conductance  is  very  large 
compared  with  the  air  side  conductance,  the  weight  of  the  intermediate 
exchanger  is  tojmi  to  be  approximately 

W,.x  a  1.  J7  ft  t(  0.2 32  ( 192} 

(wcp), 

The  derivation  of  this  equation  it  similar  to  the  preceding  analysis  and  was 
based  upon  core  data  from  table  5,  The  assumed  arrangement  of  the  inter¬ 
mediate  exchanger  is  illustrated  in  figure  J2.  The  relationships  expressed 
by  equation  ( 192)  is  shown  in  figure  79  for  Cy  u  0,8  and  £  w  1,0  and  1,5, 
The  conductance  factor  ft  was  computed  from  equation  (172)  on  the  assump¬ 
tion  that  four  or  more  transverse  passes  ace  taken  by  the  transfer  fluid. 
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ws  Evaporative  (W»r>  heat  eac hanger  *lr‘**p^**“* 

coolant  cooing  .y.wm).  By  a  .tratghtfor  *ard  analyata  •*«•»»**• 
the  foregoing,  the  weight  o.  the  -vnporalivo  exchanger  «»  * 
be  exprcitibh  by  the  equation 


*  ».«  ft 


— OTT 


where  ft  it  given  by  equation  (ITS). 

6  J  for  eb  ■  C.»5,  0.^0.  and  0.94.  A 
in  figure  60, 


Equation  flOiJ  i»  plotted  in  figur* 
■ketch  ot  the  exchanger  i%  ahowr. 
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APPENDIX  II 


EVAPORATOR  AND  CONDENSER  ANALYSIS 


In  the  analysis  of  vaoor  cycle  cooling  systems.  it  was  pointed 
out  that  the  evaporator  temperature  has  a  very  significant  effect  on 
the  system  total  equivalent  weight,  A  typical  evaporator  evaluation 
procedure  is  outlined  below  indicating  the  assumptions  that  must  be 
mode  during  *he  analysis  and  the  general  procedure  that  was  used 
to  secure  an  engineering  optimization  of  the  overall  cooling  system, 
S-mitar  analyses  were  made  to  determine  conder.seT  and  surface 
heat  exchanger  weights  and  optimum  configurations.  The  calcula¬ 
tions  and  optimisation  were  performed  by  tabular  and  graphical 
means. 

In  the  system  analysis,  the  cooling  load  (kw).  the  equipment 
exit  temperature  {Tge),  and  transport  line  lengths  were  taken  as 
independent  variables.  The  refrigerant  and  transfer  fluid  properties 
were  determined  at  the  applicable  temperatures.  The  evaporator 
effectiveness  ley).  the  evaporating  temperature  {Tv).  t»*e  condensing 
temperature  ITjg).  and  the  fluid  flow  velocities  were  taken  as  design 
variables  and  were  subjected  to  a  graphical  optimization  procedure. 

The  effectiveness  of  an  evaporator  is  defined  as 

«V  9  tEc  -  Tgj  (1941 

1  Ee  -  TV 

This  effectiveness  can  also  be  given  in  terms  of  the  overall  heat 
tranrfer  parameter  (UA)  and  the  thermal  flow  rale  (JbOOwcp)hy  the 
equation 


**  s  e*  -  l  ( 195) 

e* 

where  *»  UA/JbOOwCp 

Equation  { 199)  is  plotted  versus  UAM&OOwcp  is  figure  120, 
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Syr  tiiunbit  w  «y,  the  re  mil  red  UA/erc^  cut  be  determined  from 
figure  120,  (ttiiow  kiiiuKititwr  ire  ntde  to  ubUIn  an  optimum  value.) 


Tie-  required  value  of  wCp  can  be  determined  by  considering  ■>«  heat 
that  mut  be  absorbed  by  the  transport  fluid 


The  required  vr.lue  of  UA  can  be  determined  by  means  of  equation 
(196)  amd  figure  120. 

Assuming  an  evaporator  tube  diameter,  the  required  number  of 
parallel  tubes  and  transport  fluid  flow  velocity  can  be  determined  from 
the  equation 


'«  -is— 

wd^y 


Assuming  a  number  of  parallel  tubes  and  a  flow  velocity  consistent 
with  eq action  (197).  the  heat  transport  fluid  heat  transfer  coefficient 
(h4l  can.  be  determined  from  the  equation  (assuming  turbulent  flow 

Re  tV»i 

h4  >  0.621  V  (Re)0, *  l*»r)f'4  (193) 

4 

Equation  (193)  is  (.lotted  versus  flow  velocity  in  figure  121  assuming  an 
ethyls*  »  glycol  •-i!:t:oe.,  .V”.  ordinate  scale  »  included  in  figure  121  wilh 

a  heat  transfer  parameter  that  ia  independent  of  fluid  properties. 

Values  of  evaporative  h.at  transfer  coefficients  are  given  in  the 
literature  (referent  ?■  I,  9,  and  1%).  The  effective  heat  transfer  parameter 
UA  ia 


UA  »  h|  A|  hg  Ag 


“I  *1  *g  ng 

h*V  AjlTJXg 


Values  ed  UA/hg  Ag  arc  plotted  versus  hg  Ag/h|  Aj  in  figure  122, 
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FIGURE  122  JCr JTECTfVS  KCAT  TRANSFER  PARAMETER. 


Ths  rrqttlr'.i)  tuS>ui|t  length  is  determiswi  by  means  of  equation* 

(196).  1199).  wu*l  figure  tiO.  The  evaporator  weight  is  determined 
on  the  basis  of  the  required  tiiung  length  and  the  weight  per  unit 
length  including  transport  fluid  with  a  factor  allowed  fur  the  shell, 
headers,  and  the  refrigerant. 

The  power  required  to  circulate  the  heat  transport  fluid  through 
the  evaporator  is  determined  from  the  equation 

VP£  «  C  ff  V3  d/  <200| 

The  constant  C  depends  on  the  units  used.  The  fluid  function  factor 
ff  can  be  found  from  curves  in  reference  25,  page  £50.  or  in  books  os 
fluid  dynamics.  Equation  (if'OJ  is  also  used  to  determine  power  required 
to  circulate  the  heat  transport  fluid.  The  sire  of  heat  transport  lines 
can  be  optimized  by  using  a  weight  equivalent  for  the  power  and  then 
minimizing  the  sum  of  the  equivalent  and  actual  weights  of  the  transport 
system. 

The  condenser  is  analyzed  in  a  very  similar  manne,  except  that  tar 
a  surface  condenser,  the  effectiveness  is  not  defined  because  the  recovery 
temperature  is  assumed  constant  {equivalent  to  assuming  an  infinite  heat, 
sink)  and  condensation  is  aaitumed  to  be  a  thermal  isothermal  process. 

The  condenser  is  therefore  analysed  as  outlined  in  section  V. 

The  condenser  and  surface  heat  exchanger  portion  of  the  vapor  cycle 
systems  using  a  liquid  cooled  condenser  and  surface  neat  exchanger 
(figure  35)  can  be  analyzed  in  a  manner  similar  to  that  outlined  for  the 
evaporator  above  with  modifications  to  account  for  the  surface  condenser. 
The  liquid-cooled  condenser  is  treated  liko  the  evaporator  with  the  heal 
transport  fluid  removing  the  heat  of  vaporization  and  using  the  applicable 
condensation  heat  transfer  coefficient.  For  the  higher  temperatures,  a 
heat  transport  fluid  such  as  Dowtherm  A  is  used  for  this  part  of  the  system. 
The  effectiveness  curve  of  figure  120  applies  to  the  condenser  and  surface 
heat  exchanger.  Figures  12i  and  ’22  can  also  be  used  in  the  condenser 
and  surface  heat  exchanger  analysis.  The  heat  transfer  parameter  for  this 
case  with  the  separate  condenser  and  heat  exchanger  is  given  by  the  equation 

Q  f  W  c*,  V  0  'l  <«»> 

(UAH  <TK  -  Tr)  T(JATr^^r--~T/  \e*»  -  I /  J 

where  a,  =  ( UA) ; /3b00*ep 
l*  a  <UA)i/3600wep 
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FIGURE  121  HEAT  (TRANSFER  PARAMETER  FOR  LIQUID  COOLER 
CONDENSED  AMD  A/RFaCE  HEAT  EXCHANGER 
2)1 
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heal  transfer  parameter  »•  give:.  by  equation  {201}  U  plotted 
verau*  wcp/(<jA>i  in  figure  12)  Io»  various  value*  U  *HA)g/(UA)|. 

The  weight  of  the  f.miprrikor  and  the  power  supply  ayeteni,  end 
the  power  requirement,  for  the  ataumed  evaporating  and  condensing 
temperature*  are  determined  at  dlicuased  in  section  V.  * 

A  tabulation  procedure  it  u*ed  to  determine  the  effect  of  varying 
the  design  variable*,  Tranalatlon  factor,  are  u.ed  to  determine  weigh* 
equivalent*  for  the  power  requirement*  and  tabular  and  graphical  * 
method*  are  applied  todeU,...:ne  the  minimum  total  equivalent  weight. 
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